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Kv1 channels selectively prevent dendritic
hyperexcitability in rat Purkinje cells

Simin Khavandgar, Joy T. Walter, Kristin Sageser and Kamran Khodakhah
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Purkinje cells, the sole output of the cerebellar cortex, encode the timing signals required for
motor coordination in their firing rate and activity pattern. Dendrites of Purkinje cells express a
high density of P/Q-type voltage-gated calcium channels and fire dendritic calcium spikes. Here
we show that dendritic subthreshold Kv1.2 subunit-containing Kv1 potassium channels prevent
generation of random spontaneous calcium spikes. With Kv1 channels blocked, dendritic calcium
spikes drive bursts of somatic sodium spikes and prevent the cell from faithfully encoding motor
timing signals. The selective dendritic function of Kv1 channels in Purkinje cells allows them
to effectively suppress dendritic hyperexcitability without hindering the generation of somatic
action potentials. Further, we show that Kv1 channels also contribute to dendritic integration
of parallel fibre synaptic input. Kv1 channels are often targeted to soma and axon and the data
presented support a major dendritic function for these channels.
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While dendrites of cerebellar Purkinje cells lack
voltage-gated sodium channels and do not fire fast
sodium-dependent action potentials (Llinas & Sugimori,
1980b; Stuart & Hausser, 1994), they are far from
non-excitable membranes. They express a high density
of P/Q-type voltage-gated calcium channels (Usowicz
et al. 1992) and can fire dendritic calcium-dependent
action potentials (Llinas & Sugimori, 1980b; Womack &
Khodakhah, 2004). These dendritic calcium-dependent
action potentials play an important physiological role
as part of the complex spike caused by the activation
of the cell’s climbing fibre synaptic input (Eccles et al.
1966; Martinez et al. 1971). Since the firing rate of
Purkinje cells encodes the timing signals required for
motor coordination, it is important that dendritic calcium
spikes are only generated when intended (Ito, 1984). The
random occurrence of spontaneous dendritic calcium
spikes will drive bursts of somatic sodium spikes and
prevent Purkinje cells from faithfully encoding timing
signals in their pattern and rate of activity. Such failure in
the transfer of information would be devastating for motor
coordination. Thus, there are likely to be mechanisms
that prevent dendritic hyperexcitability in Purkinje cells
such as the expression of subthreshold or low-threshold
voltage-gated potassium channels.

One class of subthreshold potassium channels is the Kv1
family. Malfunction of these channels has been associated
with episodic ataxia type-1 (EA-1), a dominant human
neurological disorder characterized by cerebellar ataxia

(Browne et al. 1994), although the cellular mechanism
by which mutations of these channels cause ataxia is
not clear. Kv1-type potassium channels are expressed in
the cerebellum at both the mRNA and protein levels
(Wang et al. 1993, 1994; McNamara et al. 1993, 1996;
Sheng et al. 1994; Veh et al. 1995; Laube et al. 1996;
Koch et al. 1997; Chung et al. 2001a,b). There is some
evidence that in Purkinje cells subthreshold potassium
channels contribute to regulation of dendritic excitability.
It is postulated that block of Kv1-type potassium channels
lowers the threshold for generating calcium spikes
(Midtgaard et al. 1993; Etzion & Grossman, 1998; Etzion
& Grossman, 2001; McKay et al. 2005). This effect can
be modelled with computer simulations (Miyasho et al.
2001). Also, in organotypic cerebellar slice cultures, block
of 4-aminopyridine (4-AP)-sensitive potassium channels
controls the dendro-somatic propagation of low-threshold
calcium spikes (Cavelier et al. 2002, 2003). It has also
been suggested that low-threshold potassium channels
contribute to synaptic integration in Purkinje cells
(Midtgaard, 1995; Takagi, 2000; McKay et al. 2005).

We used Kv1-selective toxins to evaluate the role of
Kv1-type potassium channels in regulating Purkinje
cell excitability. We found that block of α-dendrotoxin
(α-DTX)-sensitive Kv1 channels caused random
transient increases in firing. Using dual somatic and
dendritic recordings from single neurones, we showed
that these bursts of increased somatic firing were driven
by dendritic calcium spikes. Block of α-DTX-sensitive

C© 2005 The Authors. Journal compilation C© 2005 The Physiological Society DOI: 10.1113/jphysiol.2005.098053



546 S. Khavandgar and others J Physiol 569.2

potassium channels also increased dendritic synaptic gain
allowing for greater responses to the same synaptic input.
Our data demonstrate a prominent role for the Kv1 class
of potassium channels in regulating the excitability of
Purkinje cells.

Methods

Sagittal or transverse slices (300 µm) were prepared from
the cerebellum of Wistar rats and CDI mice (14–25 days
old) with a vibratome. Slices were visualized using a
40 × water immersion objective on an upright Zeiss
microscope, and were superfused continuously at a
rate of 1.5 ml min−1 with (mm): NaCl 125, KCl 2.5,
NaHCO3 26, NaH2PO4 1.25, MgCl2 1, CaCl2 2 and
glucose 10; pH 7.4 with 5% CO2–95% O2. The solution
also contained kynurenic acid (5 mm) or 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX; 100 µm),
picrotoxin (100 µm) and TTX (1 µm) where indicated.
The slice temperature was maintained at 35 ± 0.5◦C. The
whole-cell pipette solution contained (mm): potassium
gluconate 122, KCl 7, MgCl2 1.8, EGTA 0.9, Hepes
9, creatine phosphate 14, MgATP 4, Tris GTP 0.3
(pH 7.4; 293 mosmol kg−1). All toxins were purchased
from Alomone Laboratories Ltd (Jerusalem, Israel),
and to ensure specificity were used at 10 times their
K D values as determined by bioassay by Alomone
Laboratories Ltd. Margotoxin was purchased from both
Alomone Laboratories and Sigma. Magnesium green
was obtained from Molecular Probes and 4-Methoxy-
7-nitroindolincyl-caged glutamate from Taris. Local
application of toxins was performed as described pre-
viously (Womack & Khodakhah, 2002, 2003). Briefly, a
glass pipette connected to a reservoir containing perfusate
was positioned just above the surface of the slice. Fast
green (0.4%) or Phenol Red (0.4%) was included in
the perfusate in order to monitor the location of the
perfusate. At these concentrations, neither of the dyes
affected the firing of Purkinje neurones. A suction pipette
was placed downstream from the perfusion pipette in
order to limit the spread of the perfusate. The extent to
which the perfusion was truly localized was assessed by
monitoring the DC offset recorded by the differential
amplifier when the perfusate was devoid of any ions
(isotonic sucrose). Given our experimental setup and the
position of perfusion and suction pipettes, the visible
dye front was determined to be a reliable measure of the
extent of localized perfusion.

Extracellular field potential recordings were made
from individual Purkinje neurones using a home-made
differential amplifier as previously described (Womack
& Khodakhah, 2003). For dual dendritic and somatic
recordings, a second recording pipette was positioned
within the molecular layer, typically two to three cell
diameters away from the soma (Womack & Khodakhah,

2004). Parallel fibre (PF) stimulation was achieved by a
glass pipette positioned within the molecular layer using
single 200-µs electrical pulses of ∼50 µA every 30 s.
Whole-cell current-clamp recordings were made with 3- to
5-M� patch pipettes using an Optopatch amplifier (Cairn,
UK).

Data were sampled at 10 kHz using a National
Instruments A/D-D/A card (MIO-16XE-10) and a Dell
computer. Data acquisition and analyses were done with
LabView software written in-house. To analyse firing rate,
the number of spikes crossing a set threshold was counted
every 500 ms.

For calcium measurements, PFs in transverse cerebellar
slices were labelled by local application of a solution
containing membrane-permeable form of magnesium
green following the procedure described by Regehr &
Atluri (1995). We used a 480 ± 15-nm excitation filter,
a 505-nm dichroic, and a 520-nm long-pass emission
filter. The emitted fluorescence was restricted to the
region of interest, and was measured using a Hamamatsu
photomultiplier (H7421) with custom-written software.

For localized photolysis of caged glutamate, light
(100 mW) from a continuous multiline ultraviolet (UV)
krypton ion laser (I 302C, Coherent) was gated, and its
intensity modulated, with an acusto-optical modulator
(AOM 35085-3-350, Neos) and launched into the
epifluorescence port of the microscope via a fibre optic. A
set of lenses and a pair of galvo-driven aluminium mirrors
were used to form and position a 50-µm spot of UV light
in the specimen plane. Pulses of light (0.5–1 ms) were used
to photo-release glutamate from 200 µm caged glutamate
pre-equilibrated with the slice.

Data are reported as means ± s.e.m., and statistical
significance was determined using one-way ANOVA.

Results

α-DTX causes transient bursts
of increased somatic activity

Because the spontaneous firing of Purkinje cells is
perturbed with whole-cell recordings (Womack &
Khodakhah, 2003), we used single-cell extracellular
recordings. Fast glutamatergic and GABAergic synaptic
transmission were blocked to ensure that effects seen
following block of Kv1 channels were not due to a
presynaptic effect. Two types of spontaneous activity,
namely tonic firing and the trimodal pattern of activity
(regular sequential periods of tonic firing, bursting and
quiescence), were observed as reported earlier (Womack
& Khodakhah, 2002). The effects of blocking Kv1-type
potassium channels on the rate and pattern of activity of
each of these firing behaviours were examined. To block
Kv1-type potassium channels we added 142 nm α-DTX to
the recording solution. α-DTX selectively blocks channels
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containing Kv1.1, Kv1.2 and Kv1.6 subunits (Harvey,
2001). The average firing rate of a tonic cell, estimated
every 500 ms, is shown in Fig. 1A. Application of α-DTX
did not significantly increase the baseline firing rate,
but resulted in brief transient increases in the activity.
Spontaneous bursts occurred randomly and relatively
infrequently, such that the interspike interval histogram
showed little change in the presence of α-DTX (Fig. 1B).
Examination of the instantaneous firing rate, defined
as the reciprocal of each interspike interval, showed
that the α-DTX-induced transients in the average
firing rate corresponded to brief periods of very large
increase in the firing rate (corresponding to ∼600 Hz
in this cell, Fig. 1C). These were the consequence of

Figure 1. Block of Kv1 channels results
in the generation of random bursts of
increased somatic activity without
altering the baseline firing rate
The firing rate of Purkinje neurones were
monitored in cerebellar slices using a
differential amplifier. A, average firing rate
of a tonically firing Purkinje cell (calculated
every 500 ms) before and after bath
application of 142 nM α-DTX. Brief transient
increases in the average firing rate are
apparent in the presence of α-DTX although
the baseline firing rate remains the same.
B, interspike interval histogram of the cell
described in A in control solution and in the
presence of α-DTX. The average firing rate
did not significantly alter following α-DTX
application. C, instantaneous firing rate
(1/interspike interval) of the Purkinje cell
shown in A in the presence of α-DTX. Note
the large transient increases in the firing
rate. D, sample raw data of the
spontaneous firing of the same Purkinje cell
as in A in the presence of α-DTX. The
transient increases in the firing rate
correspond to the bursts of increased
activity. E, effects of bath perfusion of
142 nM α-DTX on the pattern and rate of
activity of a Purkinje cell with the trimodal
pattern of activity. α-DTX significantly
reduced the pattern duration (∗∗P < 0.01,
one-way ANOVA). F, in addition to reducing
the pattern duration, α-DTX also resulted in
the spontaneous bursts of increased somatic
activity during the tonic phase of the
trimodal pattern. Instantaneous firing rate
and raw data from the tonic phase of the
cell shown in E in the presence of α-DTX.

short bursts of increased activity (Fig. 1D). Qualitatively
similar results were seen in all cells examined (n > 35).
α-DTX did not affect the baseline firing rate in any
of the cells (control, 50.6 ± 5.2 spikes s−1; α-DTX,
53.8 ± 7.9 spikes s−1; P > 0.2, n = 34). Quantitative
analysis of bursts in seven cells showed that on average
the α-DTX-induced spontaneous bursts occurred at
a rate of 14.9 ± 3.8 bursts min−1, with a duration of
193.1 ± 43.9 ms, and included 12.4 ± 2.2 spikes per
burst with each burst having a maximum firing rate of
401.2 ± 46.6 Hz.

Similarly, we examined the consequences of blocking
Kv1-type potassium channels with α-DTX in the cells
that exhibited the trimodal pattern of activity. As shown
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in Fig. 1E, α-DTX decreased the cycle duration of the
trimodal pattern of activity in all cells tested. The ratio
of the pattern duration in the presence of α-DTX to that
of control was 0.4 ± 0.6 (n = 4). In addition to shortening
the duration of the trimodal pattern of activity, α-DTX
also induced the spontaneous bursts of increased activity
seen in tonic cells (Fig. 1F). These bursts appeared at
random, were most noticeable during the tonic phase of
the trimodal pattern, and were absent during the silent
phase. The bursts of increased activity in the cells with the
trimodal pattern of activity were indistinguishable from
those in the tonically firing cells. Further, as noted for the
tonically firing cells, α-DTX did not increase the baseline
rate of spontaneous firing (control, 53.3 ± 8.2 spikes s−1;
α-DTX, 57.4 ± 10.5 spikes s−1; P > 0.2, n = 4).

Blockade of Kv1.2 subunit-containing potassium
channels mimics the effects of α-DTX

To date, seven Kv1 subunits have been identified and
these co-assemble in tetramers to form homomeric
and heteromeric channels. We used toxins with
known selectivity for specific Kv1 subunits to
explore the identity of the Kv1 channel subunits
that contribute to the regulation of the excitability of
Purkinje cells. α-DTX blocks Kv1.1, Kv1.2 and Kv1.6
subunit-containing channels (Harvey, 2001). Application
of 50 nm rTityustoxin K, a blocker of Kv1.2 and 1.3
subunit-containing channels (Werkman et al. 1993;

Figure 2. Pharmacology of Purkinje cell Kv1
channels
The effects of toxins with selectivity for different Kv1
subunits were examined by monitoring spontaneous
firing rate of Purkinje cells. The figure summarizes
the findings by presenting sample experiments.
A, bath perfusion of 50 nM rTityustoxin K affects the
firing of Purkinje cells by inducing random bursts of
increased somatic activity without altering the
baseline firing rate. The transient bursts were
identical to those seen with α-DTX. Similar results
were seen in all 15 cells examined. Insets show raw
data before and after application of the toxin. Scale
bars correspond to 300 µV and 50 ms. Bath
perfusion of 100 nM DTX-K in six cells (B), 100 nM

δ-DTX in seven cells (C) and 20–200 nM rAgitoxin-2
in nine cells (D) did not affect the firing of Purkinje
cells. E, application of MgTx (10 or 100 nM)
increased the baseline somatic firing rate and
induced random transient bursts in all five cells
examined. F, the interspike interval histograms of
the cell shown in E. MgTx clearly increased the
baseline firing rate in a dose-dependent manner as
shown by the leftward shift in the interspike interval
histograms.

Rodrigues et al. 2003), replicated the effects of α-DTX
in all 15 cells examined (Fig. 2A). Immunoprecipitation
experiments suggest that in the cerebellum over 80%
of channels that contain a Kv1.2 subunit also contain
a Kv1.1 subunit (Koch et al. 1997). The same study
also demonstrated that in about one-third of channels,
Kv1.2 subunits are co-assembled with either Kv1.3 or
Kv1.6 subunits. Surprisingly, however, 100 nm δ-DTX,
a potent blocker of Kv1.1 and Kv1.6 channels (Imredy
et al. 1998), had no effect on the spontaneous firing rate
of the seven cells examined (Fig. 2C). Further, 100 nm
DTX-K, a potent and reportedly selective blocker of Kv1.1
channels (Wang et al. 1999; Akhtar et al. 2002), had no
effect on the Purkinje cell firing rate in any of the six cells
studied (Fig. 2B). The bioassay provided by Alomone
Laboratories Ltd, the supplier of the toxins used here,
suggests that in addition to blocking Kv1.1 channels,
DTX-K also blocks cloned Kv1.2 channels expressed in
Xenopus oocytes, although with lower potency. In two
cells in which 100 nm DTX-K did not affect the firing of
Purkinje cells, increasing the concentration of the toxin
to 300 nm resulted in the generation of random somatic
bursts as seen with α-DTX (data not shown). Lastly we
tested the effects of rAgitoxin-2, a potent blocker of Kv1.1,
Kv1.3 and Kv1.6 channels (Garcia et al. 1994). Perfusion
of 20–200 nm rAgitoxin-2 had no effect on the firing of
the Purkinje cells in any of the nine cells tested (Fig. 2D).

Thus, toxins that block Kv1.2 subunit-containing
channels induce brief transient increases in the rate of
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spontaneous activity of Purkinje cells without affecting
their baseline tonic firing rate. The finding that these
toxins do not affect the baseline firing rate suggests
that Kv1.2 subunit-containing channels do not make a
significant contribution to pacemaking in Purkinje cells
because if they did the baseline rate of activity would
have changed. Since none of the toxins used affected the
baseline firing rate, this conclusion can be applied to
all Kv1 channels. The soma and axon of Purkinje cells
are the compartments involved in pacemaking (Llinas
& Sugimori, 1980a; Stuart & Hausser, 1994). Our data
therefore suggest that the density of functional Kv1-type
potassium channels in these compartments is too low
to affect their role in pace-making under physiological
conditions. Such an interpretation is consistent with the
published studies of Southan & Robertson (2000) where
Kv1-type potassium channels were not found in patches
obtained from Purkinje cell somata. Similarly, application
of 500 nm α-DTX does not affect potassium currents in
outside-out patches obtained from the soma of Purkinje
cells, but significantly reduces the potassium currents in
dendritic patches (a reduction of 13 ± 3% in the potassium
current of dendritic patches versus 1.4 ± 1.19% in somatic
patches; n = 5 and 4, respectively; M. Martina, personal
communication).

It has recently been suggested that the Purkinje cell
soma contain Kv1 channels and that blockade of these
channels increases the rate of sodium spiking (McKay
et al. 2005). This report is in contrast to our findings that
blockade of Kv1 channels does not affect the baseline rate of
spontaneous firing in Purkinje cells, and also the data of of
Southan & Robertson (2000) and M. Martina (personal
communication), which demonstrate the absence of
α-DTX-sensitive Kv1 channels in Purkinje cell somatic
patches. In their study, McKay et al. (2005) pooled data
from experiments using relatively high concentrations (up
to 100 nm) of margatoxin (MgTx) with data obtained
using other Kv1 blockers such as α-DTX. While MgTx is a
potent blocker of Kv1.3 (K D, 30 pm) and Kv1.6 (K D, 5 nm)
channels, data are lacking on its specificity or selectivity
for Kv1 channels versus other potassium channel families
although it is known that it blocks at least one Shaker
(K D, 150 nm) potassium channel (Garcia-Calvo et al.
1993). Further, the concentrations of MgTx used by McKay
et al. (2005) were quite high compared with that required
to block Kv1 channels (several orders of magnitude higher
than the reported K D value). Thus, we examined the
consequences of application of comparable concentrations
of MgTx on spontaneous activity of Purkinje cells. As
shown in Fig. 2E and F , we found that perfusion of 10 and
100 nm MgTx significantly increased the rate of baseline
firing of Purkinje cells (control, 43.9 ± 5.4; 10 nm MgTx,
49.6 ± 4.3, n = 5, P < 0.05; 100 nm MgTx, 73.7 ± 10.6,
n = 5, P < 0.01). This contrasts markedly with the data
presented earlier which showed that none of the other

Kv1 blockers used affected the rate of baseline firing of
Purkinje cells. Thus the effects of MgTx on sodium spiking,
and on the somatic potassium currents is most probably
the consequence of blockade of non-Kv1 potassium
channels.

Dendritic calcium spikes drive the α-DTX-induced
spontaneous bursts of activity

Spontaneous bursts in Purkinje cells are controlled by
dendritic calcium spikes (Womack & Khodakhah, 2004).
It is possible that block of dendritic Kv1-type potassium
channels facilitates the generation of dendritic calcium
spikes, and that these dendritic calcium spikes drive
the somatic bursts seen in the presence of α-DTX. The
notion that spontaneous bursts of increased activity in the
presence of α-DTX are the consequences of dendritic
calcium spikes is consistent with the noticeable expression
of Kv1-type potassium channels in the molecular layer and
Purkinje cell dendrites (Wang et al. 1993, 1994; Sheng
et al. 1994; Veh et al. 1995; Laube et al. 1996; Chung
et al. 2001a,b), and with the presence of α-DTX-sensitive
potassium currents in patches pulled from dendrites of
Purkinje cells (M. Martina, personal communication) or in
whole-cell voltage-clamp recordings from young Purkinje
cells where dendritic conductances can be clamped (Sacco
& Tempia, 2002). To examine this possibility, we first
selectively blocked somatic and axonal Kv1 channels by
local perfusion of α-DTX (142 nm) onto the soma and
axons of three Purkinje cells (Womack & Khodakhah,
2002, 2003). Local perfusion of α-DTX on the soma and
axon did not in any way affect spontaneous activity in
any of the cells (data not shown). We next examined
the consequences of selectively blocking the dendritic Kv1
channels with local dendritic perfusion of α-DTX in three
different cells. In all cells, selective blockade of dendritic
α-DTX-sensitive channels resulted in random transient
increases in the spontaneous activity as seen with bath
perfusion of the toxins (data not shown). The responses
obtained with local dendritic application of α-DTX were
indistinguishable from those obtained with bath perfusion
of the toxins.

To directly demonstrate the presence of dendritic
calcium spikes, we performed dual extracellular somatic
and dendritic recordings as previously described (Womack
& Khodakhah, 2004) in six tonically firing cells. As shown
in Fig. 3, there was a negative field in the molecular layer
coincident with each α-DTX-induced burst of increased
somatic activity. These fields correspond with dendritic
calcium spikes (Womack & Khodakhah, 2004). In all cases
the dendritic calcium spike started before or concurrently
with the first sodium spike in the burst (Fig. 3B), in
marked contrast to calcium spikes that occur at the end
of a spontaneous burst in Purkinje cells (Womack &
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Khodakhah, 2004). In the six cells tested, every burst
of somatic activity after application of α-DTX was
accompanied with a dendritic calcium spike. Dendritic
spikes were not seen in any of the tonically firing cells in
the absence of α-DTX.

Spontaneous calcium spikes could also be seen in
whole-cell current-clamp recordings (Fig. 3C). In the
presence of TTX to block voltage-gated sodium channels,
the holding current was adjusted to maintain the
membrane potential of the cell at −60 mV. In all four cells
examined, when 142 nm α-DTX was applied, spontaneous
calcium spikes were seen. The fact that after application
of α-DTX spontaneous calcium spikes occur in the
absence of voltage-gated sodium channels suggests that
sodium channels are not needed for triggering calcium
spikes. On occasions, long trains of spontaneous calcium
spikes occurred at frequencies of several Hertz (Fig. 3C).

Figure 3. The α-DTX-induced somatic bursts of activity are concurrent with dendritic calcium spikes
Simultaneous somatic and dendritic recordings of α-DTX-induced spontaneous bursts in a Purkinje cell. A, two
differential amplifiers were used to simultaneously record from the soma and dendrites of the same cell. The
approximate location of the recording electrodes is schematically demonstrated. The somatic bursts of increased
activity in the presence of 142 nM α-DTX were concurrent with dendritic calcium spikes. B, a single burst from the
cell described in A shown on an expanded time scale. The dendritic spike starts at the same time as the increase
in the somatic firing rate. C, whole-cell current-clamp recording form a Purkinje cell in the presence of TTX under
control conditions, and in the presence of 142 nM α-DTX. Application of α-DTX resulted in the generation of
spontaneous calcium spikes.

High-frequency long trains of calcium spikes were never
seen with extracellular recordings. McKay et al. (2005),
who used whole-cell recordings in their study, also found
that α-DTX resulted in the appearance of long trains of
high-frequency calcium spikes. Washout of intracellular
constituents and alterations in phosphorylation state of
ion channels in whole-cell recordings is likely to alter the
extent to which the channels participate in regulation of
excitability. Thus, the high-frequency calcium spikes seen
with whole-cell recordings are most probably artifacts of
alterations in the excitability of Purkinje cells brought
about by dialysis of the cell.

Collectively, the data presented so far suggest that
under physiological conditions Kv1-type potassium
channels selectively prevent dendritic hyperexcitability by
preventing the generation of spontaneous dendritic
calcium spikes in Purkinje cells.
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Block of α-DTX-sensitive channels potentiates
PF-evoked responses

The dendritic low-threshold potassium channels might
also contribute to dendritic integration of synaptic inputs.
We tested this prediction by monitoring PF-evoked
responses in the presence and absence of α-DTX. Figure 4
shows such an experiment. After obtaining a baseline
recording, PFs were electrically stimulated every 30 s.
The transient increases in the average firing rate shown
in Fig. 4A correspond to post-stimulus increases in the
firing rate of the cell (Fig. 4B). α-DTX potentiated
the PF-evoked responses (Fig. 4A), by increasing both
the maximum post-stimulus firing rate and the duration
of the response (Fig. 4B). Similar results were seen in
all seven cells examined with an average 2.64 ± 0.4-fold
increase in PF-evoked firing rate and 1.47 ± 0.14-fold
increase in the response duration after application of
α-DTX (mean ± s.e.m, n = 7; Fig. 4C).

α-DTX does not affect PF presynaptic
calcium transients

The potentiating effects of α-DTX on PF-evoked
responses could be the consequence of increased synaptic
transmission from PFs, changes in dendritic integration by
Purkinje cells, or both. Blocking low-threshold potassium
channels may allow more PFs to reach the threshold for
action potential generation, or it may prolong the action
potential duration at the PF nerve terminals. Both of
these alterations will result in greater glutamate release.
To test whether block of α-DTX-sensitive potassium
channels affects synaptic transmission, we monitored
stimulus-evoked calcium transients in PFs before and after
application of α-DTX. If the increase in the PF-evoked
responses seen after block of α-DTX-sensitive potassium
channels is due to a presynaptic mechanism, then block of
these channels should increase the magnitude or duration
of calcium transients recorded from the PF nerve terminals
(Regehr & Atluri, 1995; Sabatini & Regehr, 1997, 1998).
In transverse cerebellar slices, PFs were loaded with the
calcium indicator magnesium green. The indicator was
allowed to diffuse along the PFs, and changes in the
fluorescence emitted by the indicator when the fibres
were electrically stimulated were measured at a site
at least 250 µm away from the loading site (Fig. 5A).
This arrangement ensured that the fluorescence signal
originated from PFs and not from Purkinje cells or
interneurones that would have also been loaded with the
dye at the site of dye loading. It is also important to note
that given the large size of the PF nerve endings compared
with that of their axons, the recorded calcium transients
provide a good and highly sensitive measure of calcium
signals at the PF nerve endings and correlate well with
glutamate release at this synapse (Regehr & Atluri, 1995;

Sabatini & Regehr, 1997, 1998). An example of one
experiment is shown in Fig. 5A. Electrical stimulation
of PFs resulted in a fast calcium transient that
monotonically decayed to prestimulus levels within
100 ms. Bath perfusion of α-DTX did not affect the

Figure 4. α-DTX increases the response of Purkinje cells to PF
synaptic input
Parallel fibres were electrically stimulated by a glass pipette positioned
in the molecular layer every 30 s with a 50-µA, 200-µs pulse while the
firing of the Purkinje cell was monitored. A, the average firing of a
Purkinje cell. The transient increases in the average firing rate after the
baseline correspond to electrical stimulation of the PFs. Bath perfusion
of 142 nM α-DTX increased the response of the Purkinje cell to PF
stimulation. B, sample raw data showing the response of a Purkinje
cell to electrical stimulation of PFs in the absence and presence of
α-DTX. C, scatter plots of increase in the maximum firing rate
response and the response duration in seven Purkinje cells with
electrical stimulation of PFs in the control and α-DTX-containing
solutions. The average of individually normalized responses is shown in
the right-hand plot (mean ± S.E.M., n = 7). ∗P < 0.01, ∗∗P < 0.001,
determined by one-way ANOVA.
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magnitude or time course of the calcium transient. As a
positive control, 4-AP (100 µm) was bath applied. 4-AP
significantly increased both the amplitude and time course
of the calcium transient (Fig. 5A), affirming the adequacy
of our experimental resolution. Similar results were seen
in all nine experiments (Fig. 5B). Our finding that α-DTX
does not affect neurotransmitter release from PFs is in
agreement with the fact that PF-evoked postsynaptic
currents measured in voltage-clamped Purkinje cells are
not altered by block of α-DTX-sensitive Kv1 channels
(McKay et al. 2005).

Block of α-DTX-sensitive channels directly affects
dendritic synaptic integration

The results described above suggest that effects of α-DTX
on PF-evoked responses are postsynaptic. To directly test
this hypothesis, we examined the consequences of blocking

Figure 5. α-DTX does not affect PF presynaptic calcium
transients
PFs were locally loaded with the low-affinity calcium indicator
magnesium green. The change in the calcium concentration following
electrical stimulation of PFs was monitored by measuring the
fluorescence emitted by the indicator. A, a representative calcium
signal measurement from PFs in control condition and following bath
perfusion of 140 nM α-DTX or 100 µM 4-AP. PFs were stimulated at
the times shown by the arrows. Electrical stimulation of parallel fibres
increased calcium concentration (measured as change in fluorescence
divided by fluorescence; �F/F). Bath application of α-DTX did not alter
the magnitude or time course of the calcium transients, whereas 4-AP
significantly increased both the peak �F/F and the duration of the
response. B, average peak �F/F of PF calcium transients in control
conditions, and in the presence of 142 nM α-DTX and 100 µM 4-AP.
Data are presented as means ± S.E.M., n = 9 for control and in the
presence of α-DTX, and n = 5 in the presence of 4-AP. ∗∗P < 0.001,
determined by one-way ANOVA.

α-DTX-sensitive channels on the response of Purkinje
cells to photolytic application of glutamate to dendrites.
Caged glutamate (200 µm) was bath applied and allowed
to equilibrate with the slice. Short pulses of UV light (0.5
or 1 ms) were focused onto a 50-µm spot in the molecular
layer and their intensity adjusted to obtain rapid and
transient increases in the Purkinje cell firing (Fig. 6B).
Once a baseline recording was obtained, the effect of block
of Kv1 channels with α-DTX was examined. An example of
one such experiment is shown in Fig. 6A. The response of
the cell to photo-release of glutamate can be seen as a
transient increase in the average firing rate of the cell
(Fig. 6A). Application of α-DTX increased the amplitude
of these transients. The effects of α-DTX are best
appreciated by examination of the raw data (Fig. 6B).
α-DTX increased both the maximum firing rate and
the duration of the glutamate-evoked responses. Similar
effects were seen in all 11 cells studied (Fig. 6C). On
average, in the presence ofα-DTX the maximum firing rate
increased by 1.81 ± 0.27-fold, and the response duration
increased by 1.89 ± 0.21-fold (mean ± s.e.m., n = 11).

Using whole-cell current-clamp recordings, we also
examined the consequences of blocking Kv1 channels
on photolysis-evoked excitatory postsynaptic potentials
(EPSPs). In the presence of TTX and 200 µm caged
glutamate, sufficient current was injected to maintain the
membrane potential of the cell at −60 mV. The intensity of
the UV light for photolysis was adjusted to produce EPSPs
with amplitudes of 2–20 mV (Fig. 6D). After recording
baseline EPSPs, 142 nm α-DTX was applied to the cell and
the effects on amplitude and shape of the EPSPs examined.
α-DTX increased the peak amplitude of EPSPs and was as
effective in increasing the amplitude of small EPSPs as it
was for larger ones (Fig. 6D and E). The only exceptions
were EPSPs in which a calcium spike was triggered in
the absence of α-DTX. For these EPSPs, α-DTX did not
increase the amplitude of the calcium spike. α-DTX also
prolonged the duration of EPSPs (Fig. 6D and E). The
effects of α-DTX on EPSPs are consistent with its effects
on PF- or glutamate-evoked changes in the spontaneous
firing of Purkinje cells. In a recent study, blockade of
Kv1 channels did not increase the amplitude of EPSPs
generated by injection of synaptic-like currents into the
soma of Purkinje cells (McKay et al. 2005). This finding,
taken together with the data presented here, supports the
notion that the effects of α-DTX on PF-evoked responses
are mediated by blockade of dendritic Kv1 channels.

Discussion

The data presented show that under physiological
conditions dendritic Kv1.2-containing, low-threshold,
voltage-gated potassium channels selectively prevent
dendritic hyperexcitability in cerebellar Purkinje cells. In
their absence, the high density of P/Q-type voltage-gated
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Figure 6. α-DTX potentiates responses of Purkinje cells to
dendritic photolytic release of glutamate
Glutamate was locally released by photolysis on the dendrite of a
Purkinje cell and the response of the cell monitored. A, average firing
rate of a Purkinje cell in the presence and absence of 142 nM α-DTX.
The transient increases in the firing rate correspond to photolytic
pulses of glutamate. α-DTX increased the amplitude of responses.
B, raw data showing the response of the Purkinje cell shown in A to
photolytic release of glutamate in the presence and absence of α-DTX.

calcium channels results in the random generation
of spontaneous dendritic calcium spikes. The selective
functional dendritic expression of Kv1 channels in
Purkinje cells allows them to effectively suppress dendritic
hyperexcitability without hindering the generation of
somatic action potentials.

Kv1 channels prevent generation of random
spontaneous dendritic calcium spikes. By preventing
generation of random dendritic calcium spikes, Kv1
channels prevent degradation of the synaptic information
encoded within the rate and pattern of activity of Purkinje
cells. Errors in transmission by Purkinje cells will probably
have devastating consequences for motor coordination.

In addition to preventing dendritic hyperexcitability,
Kv1 channels may also help maintain specificity of synaptic
plasticity within the cerebellar cortex. The large dendritic
calcium influx mediated by the calcium-dependent action
potential during the climbing fibre-generated complex
spike (Miyakawa et al. 1992; Callaway et al. 1995) plays
an essential role in the induction of long-term depression
(LTD) of PF synaptic inputs (Ito, 1989; Sakurai, 1990).
This form of cerebellar synaptic plasticity is thought
to be the underlying mechanism for several forms of
associative motor learning (Marr, 1969; Albus, 1971; Ito
& Kano, 1982; Ito, 1989; Mauk et al. 1998). LTD is spatially
confined to PFs that synapse onto the branchlet that is
activated by conjunctive stimulation (Wang et al. 2000).
To avoid random depression of synapses and to maintain
this synapse specificity, it is important that dendritic
calcium spikes are generated only in response to climbing
fibre synaptic input. As demonstrated here, dendritic Kv1
channels ensure that the dendrites of Purkinje cells do not
randomly generate calcium-dependent action potentials,
thus ensuring maintenance of LTD synapse specificity.

Kv1 channels contribute to dendritic integration
of synaptic inputs

The extensive dendritic tree of Purkinje cells integrates
sensory and cortical information from over 150 000

C, scatter plots of the response of 11 Purkinje cells to dendritic
photolytic release of glutamate in the presence and absence of α-DTX.
The right-hand plot shows the average of individually normalized
responses (mean ± S.E.M., n = 11). ∗∗P < 0.01, one-way ANOVA.
D, the intensity of the UV light required for photolysis was adjusted to
release different concentrations of glutamate on the dendrites of a
Purkinje cell to produce EPSPs of varying amplitude. The traces of raw
data show these EPSPs under control conditions and in the presence of
142 nM α-DTX. Application of α-DTX increased both the peak
amplitude and duration of responses. The dotted lines mark −60 mV.
E, the scatter plots show EPSP peak amplitude and area in four
different experiments before and after application of α-DTX. Filled
circles show EPSPs that triggered a calcium spike. The inset in each
graph shows the ratio of the peak amplitude or EPSP area before and
after application of α-DTX.
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excitatory synaptic inputs supplied by PFs (Palay &
Chan-Palay, 1974). The work presented here suggests
that by lessening the impact of each PF, dendritic Kv1
channels may increase the dynamic range of synaptic
input, necessitating activation of a greater fraction of a
cell’s 150 000 afferent population before it is driven to its
maximum firing rate.

Purkinje cell subthreshold potassium channels
contain Kv1.2 subunits

It is clear on the basis of the pharmacology presented
that the Kv1 channels that affect dendritic excitability
in Purkinje cells contain Kv1.2 subunits. However,
interpretation of the lack of potency of toxins selective
for Kv1.1 subunits is more ambiguous. By tandem
linkage of subunits it has been demonstrated that even
a single Kv1.1 subunit in a tetramer confers DTX-K
sensitivity to the resulting channel (Akhtar et al. 2002).
The fact that DTX-K and other Kv1.1-preferring toxins
did not affect the excitability of Purkinje cells suggests
that the Kv1.2 subunit-containing channels do not have
Kv1.1 subunits. Kv1.1-containing channels might be
present at a low density, not associated with Kv1.2
subunits, and have little or no effect on dendritic
or somatic membrane excitability. A precedent for
such segregation in function and expression has been
reported (Dodson et al. 2003). Paradoxically, however,
the cerebellar molecular layer stains more intensely with
anti-Kv1.1 antibody than it does with anti-Kv1.2 anti-
body (Koch et al. 1997). Further, it has been demonstrated
that > 80% of cerebellar Kv1.2-containing channels are
heterotetramers that express at least one Kv1.1 subunit
(Koch et al. 1997). We did not find any evidence for the
presence of functional α-DTX-sensitive channels in PFs,
suggesting that Kv1.1-containing channels are located
on the dendrites of Purkinje cells. It is difficult to reconcile
this conclusion, however, with the ineffectiveness of the
three Kv1.1-selective toxins used in altering the excitability
of Purkinje cells. It should be noted that even in basket
cell terminals, which show the highest staining for Kv1.1
channels within the cerebellum (Wang et al. 1993, 1994;
Sheng et al. 1994; Veh et al. 1995; Laube et al. 1996; Koch
et al. 1997; Rhodes et al. 1997; Chung et al. 2001a,b),
Agitoxin-2 has relatively little potency in blocking the
channels (Southan & Robertson, 1998).

One explanation may be that Kv1.1-selective toxins do
not block Kv1.1 subunit-containing channels expressed
in Purkinje cells. It has been shown that α-DTX
blocks the same (cloned) channel with differing affinities
depending on the amount of mRNA injected into the
oocyte (Guillemare et al. 1992). α-DTX also blocks
cloned channels with differing potency when they are
expressed in different expression systems (Harvey, 2001).
Further, expression of other Kv1 subunits might have

hampered the effectiveness of Kv1.1 toxins in blocking the
channels (Hopkins, 1998). Our attempts to address this
possibility have yielded ambiguous data because at higher
concentrations toxins lose their specificity and selectivity
for Kv1 channels. Thus, whether dendrites of Purkinje
cells express Kv1.1 subunit-containing channels remains
an open question. If the Kv1.2-containing channels in
Purkinje cells do indeed contain Kv1.1 subunits, then it
is likely that malfunction of Purkinje cells contributes to
episodic ataxia type1, a dominant human neurological
disorder linked directly to mutations in the Kv1.1 gene
(Browne et al. 1994).

Functional expression of Kv1 channels
in the dendrites of Purkinje cells

A conserved T1 tetramerization domain in the subunit
of Kv1 channels is required for association of the channel
with Kv subunits and is responsible for axonal targeting
of Kv1 channels (Gu et al. 2003). In accord with this
polarized axonal/somatic expression of Kv1 channels, to
date the functions associated with Kv1 channels have been
mainly the regulation of spike timing and accommodation
in the soma, and the tuning of the reliability of action
potential propagation in axonal branch points, nerve
endings and varicosities (Southan & Robertson, 1998;
Golding et al. 1999; Zhang et al. 1999; Bekkers & Delaney,
2001; Glazebrook et al. 2002; Mo et al. 2002; Dodson
et al. 2002, 2003; Herson et al. 2003; Brew et al. 2003;
Shen et al. 2004; Faber & Sah, 2004). In CA1 pyramidal
neurones, block of Kv1 channels lowers the threshold for
generation of dendritic calcium spikes, but the mechanism
of this action is mainly a change in the somatic excitability
(Golding et al. 1999). While low-threshold potassium
channels do directly regulate dendritic excitability in many
neurones, these are of the Kv4 family (Hoffman et al.
1997; Song et al. 1998; Golding et al. 1999; Yuan et al.
2002; Lien et al. 2002; Rivera et al. 2003; Shibasaki et al.
2004). The work presented here shows for the first time
that a neuronal Kv1 channel may regulate dendritic, but
not somatic, excitability, and provides strong evidence in
support of the hypothesis that Kv1 channels are expressed
in the dendrites in Purkinje cells. It will be interesting to
explore the mechanisms responsible for dendritic targeting
of Purkinje cell Kv1 channels.
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