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Cellular/Molecular

Kvl K™ Channels Control Purkinje Cell Output to Facilitate
Postsynaptic Rebound Discharge in Deep Cerebellar Neurons

Bruce E. McKay, Michael L. Molineux, W. Hamish Mehaffey, and Ray W. Turner
Hotchkiss Brain Institute, University of Calgary, Calgary, Alberta, Canada T2N 4N1

Purkinje cells (PCs) generate the sole output of the cerebellar cortex and govern the timing of action potential discharge from neurons of
the deep cerebellar nuclei (DCN). Here, we examine how voltage-gated Kvl K™ channels shape intrinsically generated and synaptically
controlled behaviors of PCs and address how the timing of DCN neuron output is modulated by manipulating PC Kv1 channels. Kv1
channels were studied in cerebellar slices at physiological temperatures with Kv1-specific toxins. Outside-out voltage-clamp recordings
indicated that Kv1 channels are present in both somatic and dendritic membranes and are activated by Na * spike-clamp commands.
Whole-cell current-clamp recordings revealed that Kvl K™ channels maintain low frequencies of Na * spike and Ca-Na burst output,
regulate the duration of plateau potentials, and set the threshold for Ca*>* spike discharge. Kv1 channels shaped the characteristics of
climbing fiber (CF) responses evoked by extracellular stimulation or intracellular simulated EPSCs. In the presence of Kv1 toxins, CFs
discharged spontaneously at ~1 Hz. Finally, “Kv1-intact” and “Kv1-deficient” PC tonic and burst outputs were converted to stimulus
protocols and used as patterns to stimulate PC axons and synaptically activate DCN neurons. We found that the Kvl-intact patterns
facilitated short-latency and high-frequency DCN neuron rebound discharges, whereas DCN neuron output timing was markedly dis-
rupted by the Kv1-deficient stimulus protocols. Our results suggest that Kvl K channels are critical for regulating the excitability of PCs

and CFs and optimize the timing of PC outputs to generate appropriate discharge patterns in postsynaptic DCN neurons.
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Introduction

The cerebellum coordinates the timing of motor behaviors and
several types of learning. Purkinje cells (PCs), which convey the
only output from the cerebellar cortex, inhibit neurons of the
deep cerebellar nuclei (DCN), which generate the only output
from most of the cerebellum. The timing of spike outputs from
PCs onto DCN neurons and from DCN neurons onto extracer-
ebellar structures contribute significantly to the function of the
cerebellum (Marr, 1969; Albus, 1971; Ito, 1984). In particular, the
delay to the rebound discharge (RD) in DCN neurons after the
offset of PC inhibition has been postulated to play a significant
role in the overall timing of cerebellar output (Kistler and Leo van
Hemmen, 1999). Thus, the factors controlling the pattern of PC
spike discharge and the resulting behavior of DCN neurons are
important to understanding how timing is established within the
cerebellum.

The timing of spike output is regulated in several cell types by
Kvl K™ channels (Harvey, 2001; Dodson and Forsythe, 2004). In
neurons from the auditory pathway and from the hippocampus,
Kvl K* channels control the timing and threshold of Na * spike
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onset, the frequency and duration of Na ™ spike discharge, or the
site of Ca** spike initiation (Storm, 1988; Brew and Forsythe,
1995; Trussell, 1997; Golding et al., 1999; Kupper et al., 2002;
Rothman and Manis, 2003). Kvl K" channels have also been
shown to regulate presynaptic spike discharge to influence trans-
mitter release (Meir et al., 1999; Harvey, 2001; Dodson and For-
sythe, 2004). The biophysical properties of most Kvl K chan-
nels, particularly their low activation threshold and lack of
inactivation, are ideally suited to generate these behaviors. In the
cerebellum, anatomical evidence suggests the presence of several
Kvl K* channel « subunits in PC somata, dendrites, and in
afferent fibers (Veh et al., 1995).

The roles for Kvl K™ channels are particularly interesting in
PCs, given the diversity of afferent inputs and the multiple output
modes including Na * spike, Ca®" spike, and Ca-Na burst dis-
charge. Here, we used Kv1-specific toxins to discern the roles of
Kvl K™ channels in PCs and their effects on afferent excitatory
inputs. We identified noninactivating Kvl K currents in so-
matic and dendritic PC membranes that modulate cell output
near spike threshold. Blocking Kv1 K * channels resulted in spon-
taneous climbing fiber (CF) discharge, suggesting an additional
presynaptic role for Kvl K* channels. Furthermore, we dis-
cerned the behavior of DCN neurons when synaptically stimu-
lated with “Kv1-intact” or “Kv1-deficient” PC output. We found
that Kvl-intact PC outputs elicited short-latency and high-
frequency rebound discharges in DCN neurons, whereas Kv1-
deficient PC outputs were not as effective. Our results indicate
that Kvl K* channels are critical to determining a pattern of PC
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spike discharge that optimizes the responsiveness of the postsyn-
aptic DCN neuron, thereby contributing to the timing of cerebel-
lar output.

Materials and Methods

Animal care. Sprague Dawley rats were purchased from Charles River
(Saint-Constant, Quebec, Canada). Rat dams arrived with litters [post-
natal day 10 (P10)] and were maintained by the Animal Resources Cen-
ter. All experiments were completed in accordance with the guidelines
established by the Canadian Council on Animal Care.

Preparation of tissue slices. Male Sprague Dawley rats (P11-P20; n =
~50) were anesthetized with a subcutaneous injection of Somnotol (so-
dium pentobarbital; 65 mg/kg; MTC Pharmaceuticals, Cambridge, On-
tario, Canada). The rat was decapitated, the brain was exposed, and the
cerebellum was quickly dissected out and bathed in ice-cold artificial CSF
(aCSF). For all experiments, aCSF was composed of (in mm): 125 NaCl,
3.25 KCl, 1.5 CaCl,, 1.5 MgCl,, 25 NaHCO;, and 25 p-glucose preoxy-
genated by carbogen (95% O,, 5% CO,) gas. A scalpel cut was used to
block the cerebellum in the parasagittal plane. The cerebellum was then
mounted with cyanoacrylate glue on an ice-cold Vibratome cutting tray
(Ted Pella, Redding, CA). Parasagittal tissue slices (300 uwm) were cut
from the cerebellar vermis in ice-cold and carbogen-bubbled aCSF. Slices
were immediately transferred to carbogen-bubbled aCSF maintained in a
35°C water bath and incubated for 30—45 min and were then subse-
quently maintained for up to 4-5 h at room temperature (22°C). All
recordings were completed at physiological temperature (35°C). We
found that obtaining outside-out patches at 35°C required that the re-
cordings begin immediately after the cutting procedure and that the
tissue be maintained at 35°C for the entire experiment (usually no more
than 90 min after slicing).

Electrophysiology. Pipettes were pulled from thick-walled (fiber-filled)
borosilicate glass (1.5 mm outside diameter; A-M Systems, Carlsborg,
WA) with a Sutter (Novato, CA) P-87 puller. The electrolyte for whole-
cell current-and voltage-clamp recordings was designed to closely ap-
proximate physiological ionic equilibrium potentials at 35°C: Ey, = 56
mV; Ex = —97mV; E; = —76 mV. The electrolyte consisted of (in mm):
130 K-gluconate, 0.1 EGTA, 10 HEPES, 7 NaCl, 0.3 MgCL,, pH 7.3 with
KOH (the theoretical junction potential with this electrolyte is ~11.6
mV). Di-tris-creatine phosphate (5 mm), Tris-ATP (2 mm), and Na-GTP
(0.5 mm) were added daily from frozen stock solutions. The K-gluconate
solution was also selected for whole-cell voltage-clamp recordings to
ensure that holding potentials and driving forces would be comparable
between current- and voltage-clamp experiments. This facilitated the
conversion of voltage-clamped synaptic currents into current-clamp
stimulus protocols (described below). For outside-out recordings, we
used an electrolyte consisting of (in mm): 140 KCI, 0.1 EGTA, 10 HEPES,
7 NaCl, 0.3 MgCl,, 5 di-tris-creatine phosphate, 2 Tris-ATP, and 0.5
Na-GTP, pH 7.3 with KOH. Pipettes had resistances of 4—8 M() for
somatic recordings and 8—12 M() for dendritic recordings. The syringe
containing the electrolyte was maintained at 4°C throughout each
experiment.

Slices were transferred to the recording chamber of a Zeiss
(Oberkochen, Germany) Axioskop FS-2 microscope maintained at 35°C.
Slices were held in place by a nylon-strung platinum wire “harp” and
maintained as a submerged preparation continuously perfused by
carbogen-bubbled aCSF (~3 ml/min). Cells were visualized with differ-
ential interference contrast (DIC)—infrared optics and a Dage-MTI
(Michigan City, IN) Newvicon camera linked to a video monitor
(VM9012U; Hitachi, Tokyo, Japan) (Stuart et al., 1993). PCs were easily
identified by their distinct morphology and position within the cortex.
DCN neurons were distinguished by their large size relative to neighbor-
ing cell types.

Whole-cell current-clamp recordings were obtained using an Axoc-
lamp 2A amplifier in bridge mode or an Axopatch 200B amplifier in fast
current-clamp mode (Axon Instruments, Foster City, CA). All voltage-
clamp recordings were obtained with an Axopatch 200B amplifier. Data
was collected with pCLAMP 8.1 software (Axon Instruments) operating
on IBM (White Plains, NY)-compatible hardware. Current-clamp re-
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cordings were acquired at 25 kHz and were low-pass filtered at 10 kHz,
whereas voltage-clamp recordings were acquired at 10 kHz and were
low-pass filtered at 2 kHz for step command protocols or acquired at 25
kHz and low-pass filtered at 10 kHz for spike-clamp command protocols.
PCs were maintained at —70 mV with hyperpolarizing current (—0.77 +
0.04 nA; n = 36) for all experiments using intracellular stimulation. The
spontaneous behavior of PCs and DCN neurons was examined in the
absence of any holding current.

Recordings were accepted only for initial seal formations of >2 G()
and were rejected if series resistance after establishing the whole-cell
configuration was >15 M{). Cells were rejected if their output was un-
stable or if series resistance changed appreciably (under our recording
conditions cells are generally stable for >30 min, and our protocols take
~10 min to complete). For current-clamp experiments, series resistance
averaged 9.0 = 0.2 M) under control conditions and 9.4 = 0.4 MQ) after
toxin application (n = 29). Average series resistance for voltage-clamp
experiments was 11.7 = 0.4 M) (n = 17) and was always compensated
>75%. Outside-out patches were immediately rejected if they did not
reseal to >1 G() during patch formation or if current levels were unstable
during the first 30 s of recording. Patch stability was calculated as the
mean peak current during the first 15 s of recording relative to the mean
peak current during the next 15 s of recording (average of five sweeps
during each 15 s epoch). In stable patches, peak current changed on
average —1 * 2% (n = 14) over this interval. Patches were rejected post
hoc if the seal decreased to <1 G{) at the end of the experiment or if
rundown of current was evident. At 35°C, patches were stable for a few
minutes, enabling 15-20 sweeps of control and 15-20 sweeps after rapid
toxin application to be recorded (3 s intersweep interval).

Pharmacology. All recordings were performed in synaptic blockers (un-
less otherwise indicated) that were bath applied in aCSF: picrotoxin (50 um;
Sigma, St. Louis, MO), DL-2-amino-5-phosphonopentanoic acid (pL-AP-5;
25 s Sigma), 6,7-dinitroquinoxolinedione (10 wMm; Tocris Cookson, Ellis-
ville, MO), and (25)-3-[[(1S)-1-(3,4-dichlorophenyl)ethylJamino-2-
hydroxypropyl] (phenylmethyl)phosphinic acid (CGP 55845; 1 uMm; Tocris
Cookson). All toxins but margatoxin (MgTX; Sigma) were obtained from
Alomone Labs (Jerusalem, Israel) and were applied at working concentra-
tions of: margatoxin (1-100 nm), a-dendrotoxin (DTX; 200 nwm), hongo-
toxin (HgTX; 10-100 nm), and tetrodotoxin (TTX; 100 nm). Drugs were
added singly to a pressure-ejection electrode containing HEPES-buffered
aCSF consisting of (in mm): 150 NaCl, 3.25 KCl, 1.5 CaCl,, 1.5 MgCl,, 10
HEPES, and 20 p-glucose, pH 7.4. The pressure-ejection media was always
supplemented with 0.1% BSA to minimize nonspecific binding of the toxins
and always contained the same concentrations of synaptic blockers described
above. The dispersal zone of red or blue food coloring was used to confirm
the spatial extent of pressure-ejected drugs. The dye was always included in
the pressure-ejection electrode (1:50 dilution) and had no measurable effects
alone. Only one toxin was applied to any given cell or patch.

K™ currents in outside-out patches were isolated using two pressure
electrodes. The first pressure electrode contained HEPES-buffered aCSF
supplemented with TTX (100 nm) and Cd?™* (200 um) and was used to
isolate the total K™ current, and the second electrode contained this
mixture in addition to one of the Kv1 toxins. Given the proximity of the
pressure electrode to the cell, wash-in of toxins was very quick: <2 min
for current-clamp recordings and <30 s for outside-out recordings
(McKay and Turner, 2004). The toxins used in this study did not wash
out, as reported previously (Southan and Robertson, 1998; Ishikawa et
al,, 2003). Given this lack of washout and the extremely high affinity of
the toxins used, as a precaution we recorded from only one PC per slice,
and the recording chamber and dipping lens of the microscope were
rinsed between slices.

Extracellular synaptic stimulation. A bipolar stimulating electrode con-
sisting of two tungsten wires inserted into a patch pipette (2 wm tip
diameter) containing aCSF was used to evoke synaptic responses. The
stimulating electrode was positioned under DIC optics to ensure both
accurate placement and gentle insertion into the tissue. Stimuli (100 us
pulse width) were delivered with an Isolated Stimulator (model DS2;
Digitimer, Hertfordshire, UK).

AMPA-mediated parallel fiber (PF) and CF responses were pharma-
cologically isolated with AP-5, picrotoxin, and CGP 55845. PF responses
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were evoked with the stimulating electrode positioned in the mid molec-
ular layer ~60 wm from the PC soma and were identified by their graded
response to stimulus intensity (Konnerth et al., 1990). CF responses were
evoked with the stimulating electrode positioned in the granular layer
~40 pum from the PC soma and were identified by their all-or-none
response to a threshold amount of stimulation (Konnerth et al., 1990).
For these experiments, the stimulator was controlled by a Master-8
(A.M.P.1, Jerusalem, Israel).

For DCN neuron experiments, GABA ,ergic inhibitory synaptic re-
sponses were isolated pharmacologically with CNQX, AP-5, and CGP
55845. IPSPs were evoked with the stimulating electrode positioned ~40
pm from the cell body and reversed between —70 and —75 mV. This
approximates our calculated equilibrium potential for chloride ions of
—76 mV. For a few cells, stimulation resulted in antidromic activation of
spike discharge. In these cases, the electrode was repositioned such that
only IPSPs were evoked, and if this was not successful, the cell was dis-
carded. The intensity of stimulation was adjusted such that a single stim-
ulus was sufficient to block the generation of an action potential in these
spontaneously discharging neurons.

The stimulator was controlled by Clampfit 8.1 (Axon Instruments)
software delivering stimulus patterns with the temporal parameters of
previously recorded PC spike output. MatLab software (MathWorks,
Natick, MA) was used to time stamp PC Na ™ action potentials and create
TTL stimulus files to activate the stimulator via the digital-to-analog
converter output (see Fig. 6 A). We used actual PC recordings instead of
averaged data, because Na * spike frequencies within trains and bursts
are not perfectly uniform, and we endeavored to mimic the natural out-
puts as closely as possible. The patterns we used to generate the stimulus
files were representative of the average PC output with respect to Na ™
spike frequency, Na " spikes per burst, and burst frequency. Because
extracellular DCN neuron stimulation results in a moderate amount of
unrecoverable synaptic depression (~30%) (Pedroarena and Schwarz,
2003), the stimulus patterns were applied to each cell several times before
making measurements. Furthermore, the interval between individual
protocols was selected as 10 s to restore that component of synaptic
activity that is recoverable from depression (Pedroarena and Schwarz,
2003). Given the established variability in the frequencies of spike dis-
charge within RDs, all frequencies were log,, transformed before statis-
tical analyses. However, untransformed values are reported in the text
and figures for ease of interpretation.

Intracellular simulated synaptic waveforms. The rise and decay taus of
evoked EPSCs were measured for both PF (n = 7 cells) and CF (n = 9
cells) stimulation. The sum of two exponentials was used to simulta-
neously fit both rise and decay taus for both PF and CF EPSCs (Rall,
1969), and the mean kinetics was then used to construct simulated EPSCs
in MatLab (see Table 1). The amplitude of simulated CF EPSCs was the
average evoked EPSC size during control or Kv1-blocked conditions (see
Table 1). Because PF EPSC amplitudes are graded with stimulation in-
tensity, we arbitrarily set simulated PF EPSC amplitudes at 200, 500, and
1000 pA to cover a wide range of evoked amplitudes. All simulated EPSCs
were delivered intracellularly at 1 Hz.

Measurements. Data analysis was completed off-line with Clampfit 8.1
and Origin 7.0 (OriginLab, Northampton, MA), and figures were pre-
pared in Corel (Ottawa, Ontario, Canada) Draw. All measurements of
spike characteristics were referenced to the initial membrane potential at
the point of inflection signifying the rising edge of the Na™ or Ca*"*
action potential. From this value we calculated the spike height, half-
width (duration at half amplitude), and afterhyperpolarization (AHP)
amplitudes. The duration of Ca-Na bursts was calculated as the time
between the onset of the first Na ™ spike and the time on the falling phase
of the terminal Ca** spike corresponding to the same voltage level as the
initial Na * spike inflection potential. AHP duration was measured from
the point on the falling phase of a Na* or Ca®" spike corresponding to
the reference membrane potential to the beginning of the next spike or to
the end of a detectable inflection point during recovery of the AHP. Na ™
spike frequencies reported in the text are the average of all Na ™ spikes in
a train before spike failure or the average Na * spike frequency within a
Ca-Na burst. The rate of change of Na* spike or AHP amplitude was
calculated using the first and last Na * spikes in a train. Calculating rate of
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Figure1. Kv1K™ channels regulate PC output. A, From a holding potential of —70 mV, a
low-intensity current injection (1.2 nA; 3000 ms) evokes a train of high-frequency Na ™ action
potentials. With progressively greater stimulation (1.8 nA), Na * spikes are driven to inactiva-
tion. A long plateau depolarization is uncovered, terminating with the appearance of (a®*
spikes and Ca-Na bursts. With intense stimulation (2.4 nA), Na * spikes inactivate rapidly, the
duration of the plateau potential is shortened, and Ca-Na bursts appear early in the record. B, In
the presence of 100 nu MgTX, Na ™ spikes inactivate rapidly even with low-intensity stimula-
tion (1.2 nA). The current injection threshold to evoke Ca 2 spikes and Ca-Na bursts substan-
tially decreases and is accompanied by a pronounced shortening of the plateau potential before
(a-Na burst onset. €, D, Outside-out patches extracted from somatic () and dendritic (D)
membranes contain MgTX-sensitive Kv1K ™ currents (steps from —70to —20 mV). Difference
currents (control record — MgTX record) reveal that PCKv1K ™ currents are noninactivating. E,
Kv1 K™ currents account for ~15% of the total K ™ current in outside-out patches sampled
from both somatic (n = 9) and dendritic (7 = 5) membranes. Error bars represent SEM.

change in spike or AHP amplitude in this manner was possible, because
the change in these parameters across a train of spikes was uniform and
could be fit with a linear function for both control and Kvl-blocked
conditions at all current injection intensities. For example, spike height
and AHP amplitude were each correlated r > 0.77 ( p < 0.0001) with
spike number (or time) for the 1.2 nA control trace in Figure 3C. Spike
height and AHP amplitude were each correlated r > 0.98 ( p < 0.0001)
with spike number (or time) for all other traces in Figure 3C. For the
DCN neuron stimulation experiments, the delay to RD was calculated as
the time interval between the last IPSP and the first Na ™ spike of the RD.
Peak frequency of RD was the highest instantaneous frequency over the
first 10 Na ™ spikes of the RD. RD characteristics were comparable after
each individual burst within the multiburst protocols, and thus only the
RD after the last burst is reported. Statistical analyses were completed
with SPSS (Chicago, IL) version 10. Comparisons between control and
Kv1-blocked conditions were completed with paired ¢ tests; potential
differences in the effects of individual toxins were assessed by ANOVA.
Criterion for statistical significance was set at p < 0.05. Average values
represent mean = SEM.

Results

Overview of PC output patterns

The output of PCs at physiological temperatures is complex and
dependent on the intensity of stimulation (Fig. 1 A). From hyper-
polarized holding potentials, direct current injection evoked long
trains of Na ™ action potentials. With progressively greater stim-
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ulation, Na ™ spikes discharged at higher frequencies with spike
generation sustained throughout the entire current injection.
With slightly greater amplitude current injections, spike genera-
tion failed, uncovering a plateau potential at approximately —20
mV that persisted for hundreds of milliseconds or even several
seconds. At the conclusion of the plateau potential, the cells en-
tered into a Ca-Na burst output mode (Na ™ spikes superimposed
on an underlying Ca*™ spike that terminated the burst) or some-
times an output mode comprising both Ca-Na bursts and indi-
vidual Ca*" spikes. With more intense stimulation, Na " spikes
were rapidly driven to inactivation, plateau potentials were brief,
and Ca-Na bursts were usually replaced exclusively by Ca™ spike
output. These modes of cell output were consistent with the re-
sults of others who have studied PCs in vivo and at ~35°C in vitro
(Latham and Paul, 1971; Llinas and Sugimori, 1980; Womack
and Khodakhah, 2002; Edgerton and Reinhart, 2003).

Overview of the role of Kvl K* channels

To understand the role of Kvl K™ channels in the many different
forms of PC output, Kvl-specific toxins were locally applied to
current-clamped PCs. All experiments were completed in the
presence of excitatory and inhibitory synaptic blockers. Three
toxins were selected on the basis of their specificity for Kvl K*
channels: MgTX (1 or 100 nm), DTX (200 nm), and HgTX (10 or
100 nm) (Coetzee et al., 1999). At our highest concentrations, all
three toxins are expected to block Kv1.2 and Kv1.6 K channels,
with additional block of other Kv1 subunits in a toxin-specific
manner. In the medial nucleus of the trapezoid body (MNTB),
the application of different Kv1-specific toxins with unique sub-
unit specificities results in differential changes in cell output
(Dodson et al., 2002). However, in the Purkinje cell, we found
that there were no statistically significant differences between any
of the toxins at any concentration for the cell properties exam-
ined herein (see examples below). Therefore, the results from the
three toxins have been pooled, and we use the term “Kv1 block-
ade” to refer in general to toxin application.

Toxin application had no effect on the input resistance of PCs
(control, 30.5 * 1.3 M) vs Kvl-blocked, 30.1 = 1.3 MQ; n = 29)
and likewise did not change the amount of holding current re-
quired to hyperpolarize PCs to the standardized level of =70 mV
(control, —0.77 + 0.04 nA vs Kvl-blocked, —0.77 = 0.04 nA; n =
36). However, after toxin application, we detected a slight depo-
larization in the membrane potential during the PC silent period
from —50.6 = 1.1 to —47.5 = 1.0 mV.

Most PCs fired a train of Na * action potentials with threshold
current stimulation. However, during Kv1 blockade, any current
injection greater than the threshold level resulted in a very brief
and high-frequency discharge of Na ™ spikes that rapidly inacti-
vated (Fig. 1B). There was no change in the current threshold for
the generation of Na " spikes (control, 0.54 = 0.04 nA vs Kvl-
blocked, 0.55 * 0.04 nA). However, the current threshold to evoke
Ca-Na bursts or Ca*>" spikes was reduced by ~30%, from 1.33 +
0.05 nA under control conditions to 0.91 = 0.06 nA during toxin
application ( p < 0.001; n = 23). This decrease in current threshold
did not differ significantly between the toxins (MgTX, —20 = 9%,
n=9;HgTX, —43 = 8%, n = 6; DTX, —30 * 8%, n = & p>>>0.05).
Application of Kv1 toxins also markedly shortened the plateau po-
tentials evident under control conditions, thereby dramatically re-
ducing the onset latency of Ca-Na bursts and Ca** spikes. This
decrease was also comparable between the three toxins (at [ = 2.4
nA: MgTX, —65 = 10%, n = 8; HgTX, —81 * 9%, n = 6; DTX,
—77 + 6%, n = 6; p > 0.05).
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Kv1 K™ currents in outside-out recordings

are noninactivating

Immunocytochemistry and in situ hybridization has detected
several Kv1 a subunits in PCs including Kv1.1, Kv1.2, Kv1.3, and
Kv1.6 (Veh et al., 1995). Furthermore, the presence of Kv31 and
KvB2 subunits has been reported in PCs (Rhodes et al., 1996).
Although the aforementioned Kvl « subunits are classified as
noninactivating (Coetzee et al., 1999), coexpression with Kv31
subunits has been shown to confer inactivation on all of these «
subunits except Kv1.6 (Heinemann et al., 1996). We used
outside-out patch recordings to test directly for the expression
and properties of PC Kvl K* channels.

To identify the contribution of Kvl K* channels to the total
outward K™ current, outside-out patches were pulled from so-
matic (n = 9) and dendritic (n = 5; 2070 wm) membranes.
Patches were stepped from a holding potential of —70 mV to a
test potential of —20 mV for 200 ms. This holding potential was
selected because it approximates the most negative hyperpolar-
izations experienced by a PC in vitro. The test potential of —20
mV was selected because it approximates the membrane voltage
of the plateau potentials which are regulated by Kvl K channels.
Results for 200 nm DTX and 100 nm MgTX were equivalent and
have been pooled together.

Somatic patches generated 299.2 * 72.9 pA (n = 9) of peak
current, whereas dendritic patches generated 98.3 = 20.0 pA (n =
5) of peak current under control conditions (TTX, Cd*"). Al-
though the differences in peak currents were not statistically sig-
nificant ( p < 0.10), the apparent magnitude of the discrepancy is
ostensibly related to the smaller patch electrodes required for
dendritic recordings. The amount of inactivation over 200 ms
steps was comparable between somatic and dendritic patches
(35.4 = 3.9%; n = 14) (Fig. 1C,D). Subtraction of currents ob-
tained in MgTX or DTX from control currents revealed nonin-
activating Kvl K™ currents at both somatic and dendritic levels
that constituted ~15% of the total K * current (Fig. 1C-E). Given
the relatively small-peak Kv1 current and the short lifetime of
outside-out patches at 35°C, it was not feasible to construct a full
activation plot (see below for kinetic characteristics measured at
room temperature). However, we were able to reach several im-
portant conclusions: Kvl K channels in PCs are noninactivat-
ing, constitute ~15% of the total K™ current, are comparably
sensitive to MgTX and DTX, and are expressed in both somatic
and dendritic membranes.

Kv1 K* channels regulate spontaneous PC output
PCs express the necessary ionic conductances to generate spon-
taneous output. At physiological temperatures, this output is of
two forms: the trimodal pattern, consisting of a short train of
Na™ action potentials followed by a series of Ca-Na bursts and
concluding with a hyperpolarized pause, or a very long train of
Na ™ action potentials alternating with hyperpolarized quiescent
periods (Womack and Khodakhah, 2002). No Ca-Na bursts are
observed under control conditions for these latter cells. To char-
acterize the role of Kvl K™ channels in these two forms of spon-
taneous discharge, we considered several PC variables expected to
influence the final output of the cerebellum, the number of Na ™
spikes within a Ca-Na burst, the average frequency of Na * spikes
within a burst, and the frequency of Ca-Na burst generation.
Under control conditions, 14 of 36 PCs spontaneously fired
long trains of Na ™ action potentials (78.7 = 11.3 Hz) (Fig. 2A).
Blockade of Kvl K * channels transformed the tonic firing into an
intense Ca-Na burst output mode (13 of 14 cells). The remaining
22 of 36 PCs fired Ca-Na bursts under control conditions (Fig.
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tion. €, TTX application isolated the Ca* spike underlying each Ca-Na burst. MgTX increased
the frequency of spontaneous Ca®™" spike output dramatically and to a level similar to the
frequency of Ca-Na bursts. D, Without Kv1K ™ channels, the number of Na * spikes within each
(a-Na burst decreases, and the frequency of Na ™ spikes within each Ca-Na burst increases. The
frequencies of spontaneous Ca-Na bursts and TTX-isolated Ca ™ spike outputs are comparably
increased after Kv1 blockade. *p << 0.05; ***p << 0.001. Error bars represent SEM.

2 B). After toxin application to these cells, burst discharge inten-
sified: the average frequency of Na ™ spikes within each Ca-Na
burst increased from 75.4 *= 11.5 to 133.3 = 17.2 Hz, and the
burst frequency was increased from 1.1 = 0.4 to 3.4 = 0.7 Hz (all
p <0.01; n = 22) (Fig. 2D). Although some cells fired tonically
and others in Ca-Na burst mode under control conditions, the
characteristics of the bursts elicited after toxin application were
comparable between these two groups (Fig. 24, B).

To understand the frequency change in spontaneous Ca-Na
burst output after Kv1 blockade, we isolated the Ca** spike com-
ponent of each Ca-Na burst with 100 nm TTX (1 = 6). In two of
six cells, TTX silenced all spontaneous cell output. In the remain-
ing four of six cells, TTX application isolated the Ca*" spike
within each Ca-Na burst (Fig. 2C) (Womack and Khodakhah,
2004). As noted for Ca-Na burst output, blockade of Kvl K™
channels increased the frequency of isolated Ca** spikes, from
2.1£0.9t04.6 =0.6Hz ( p=0.05;n = 4) (Fig.2D), a percentage
increase in frequency that was equivalent to that for Ca-Na bursts
(Fig. 2 D). This result suggests that Kvl K* channels play a prin-
cipal role in regulating the output of Ca*" spikes, which in turn
governs Ca-Na burst discharge.

Kv1 K* channels are activated by Na ™ spikes and regulate the
frequency of Na* spike discharge

To discern the role of Kvl K™ channels in shaping individual
Na ™ action potentials, we compared the first Na * action poten-
tial evoked in a train of spikes between control and toxin condi-
tions. Blockade of Kvl K™ channels resulted in minor decreases
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that individual spike properties are not changed when Kv1 K * channels are blocked (/ = 0.9
nA). However, the rate of depolarization during the interspike interval (asterisk) is enhanced in
MgTX, leading to higher-frequency spike output. B, Na ™ spike-clamp commands (V)
rapidly activate Kv1 currents that deactivate throughout the interspike interval (/y,;). Inset
depicts the current activated by a single spike within the spike-clamp command under control
(left) and Kv1-blocked (right) conditions. €, In control aCSF and from a holding potential of —70
mV, low-intensity current injection (e.g., 1.2 nA) evokes a train of Na ™ action potentials.
Higher-intensity stimulation (e.q., 1.8 nA) leads to Na * spike failure and the emergence of a
plateau potential. Additional stimulation (e.g., 2.4 nA) results in rapid Na * spike failure and
the appearance of Ca* spikes (€) and Ca-Na bursts (data not shown; see Fig. 14). Blockade of
Kv1 K" channels increases the frequency of spike output and results in a failure of spike gen-
eration early in the current step. The current injection threshold required to evoke both the
plateau potential as well as Ca-Na bursts or Ca® ™ spikes is lower. With greater stimulation (e.g.,
1.8 or 2.4 nA), Na ™ spikes fail rapidly, the duration of the plateau potential is minimal, and
Ca-Na bursts or Ca®™ spikes appear very early in the current step. D, The rate at which AHP
amplitude decreases throughoutatrain of Na ™ spikes reveals thatKv1 K ™ channels function to
maintain cell output over anarrow window of currentinjection intensities. The rate of change in
AHP amplitude during toxin application was normalized to the rate of change during control
conditions. E, Blockade of Kv1 K ™ currents results in a marked increase in Na * spike frequency
for threshold levels of current injection. n = 7—13 cells per data point for D and E. Error bars
represent SEM.

in spike height (—9.1 = 2.9% at 1.2 nA) and spike width (—9.8 =
2.8% at 1.2 nA; n = 13) (Fig. 3A). We have previously observed
these results in a population of older animals (P20-P30; n = 10),
and this apparently is a result unique to toxins that selectively
block Kvl K* channels but not other K™ channels (B. E. McKay
and R. W. Turner, unpublished observations; McKay and
Turner, 2004). This result may be related to the small membrane
depolarization associated with Kv1 K* channel blockade, which
would be expected to increase the amount of Na * channel inac-
tivation. In support of this, in a compartmental model, a very
small decrease in Na* channel availability is associated with de-
creases in both spike height and width (F. Fernandez, personal
communication). No changes were evident for the AHP charac-
teristics of the first Na ™ spike.

The rate of depolarization between adjacent Na ™ spikes was
increased dramatically from 6.2 = 1.3 mV/ms under control con-
ditions to 10.2 = 2.1 mV/ms after Kv1 blockade ( p < 0.05; n =
12) (Fig. 3A). To determine whether this change in interspike
depolarization was attributable to the loss of an outward current
flowing between Na ™ spikes, we examined the time course of Kv1
currents in outside-out patches activated by Na™ spike-clamp
commands. The spike-clamp command was constructed from a
current-clamp recording of a PC firing Na * spikes at 80 Hz. After
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junction potential correction (—11.6 mV), the clamp command
consisted of a train of 20 spikes with interspike voltages at ap-
proximately —60 mV and peak spike heights of ~10 mV (Fig.
3B). A 20 ms test pulse from —60 to +10 mV was included in the
protocol for comparison. The protocol was repeated 40—50 times
in aCSF containing 100 nM TTX and 200 um Cd** and another
40-50 times in solutions supplemented with 100 nm MgTX (2 s
interval between each presentation of the protocol). Difference
(Kvl-sensitive) currents were computed after averaging all
sweeps obtained under control and toxin conditions. Because
several minutes were required to obtain these data from each
outside-out patch, these experiments were completed at room
temperature. To compensate for the expected decrease in channel
kinetics attributable to room temperature recordings, the spike-
clamp command was also constructed from a PC recording ob-
tained at room temperature.

Kvl currents were rapidly activated by the Na ™ spike-clamp
commands and deactivated slowly over the time course of the
interspike interval (Fig. 3B). Each Na™ spike within the com-
mand activated 15.8 = 5.3 pA of current, corresponding to
~20% of the total current activated by a 20 ms step command
over a similar voltage range (n = 5). The amount of Kv1 current
was equivalent for each spike of the command protocol, with no
evidence of cumulative inactivation during repetitive stimula-
tion. From the step command, the 10-90% activation time of the
Kv1 current was 2.7 = 0.5 ms, and the tau of deactivation (single
exponential fit) was 2.1 = 0.5 ms. These kinetics are consistent
with those obtained for Kvl current in the MNTB (Brew and
Forsythe, 1995). The results of the spike-clamp commands dem-
onstrate that Kvl K™ currents contribute outward current dur-
ing the interspike interval and that loss of this current would be
expected to accelerate the membrane depolarization between
spikes.

Under control conditions, spike height and AHP amplitude
remained relatively constant throughout long low-intensity de-
polarizing steps, whereas with greater current injection, a slow
dropout of spike height and AHP amplitude was noted (Fig. 3C).
However, the marked increase in rate of depolarization between
Na " spikes was reflected in one of the more striking effects of Kv1

* channel blockade on Na ™ spike output: a substantial decrease
in peak Na ™ spike height and AHP amplitude across a train of
spikes (Fig. 3C). Blocking Kv1 K * channels accelerated the rate of
decrease in spike height and AHP amplitude most significantly
over a narrow window centered around 1.2 nA of current injec-
tion. Thus, near spike threshold, the rate of decrease in spike
height was 16-fold greater, and the rate of decrease of AHP am-
plitude 25-fold greater than during control conditions (Fig. 3D).
Concomitant with spike failure was a marked acceleration of
spike frequency, particularly with low stimulation intensities
(Fig. 3E). For instance, with 0.6 nA current injections, Na * spike
output was sustainable at ~66 Hz under control conditions and
increased to a brief burst of ~130 Hz during toxin application.
Interestingly, ~130 Hz was the average upper limit for sustain-
able Na ™ spike generation under control conditions.

A current injection threshold of ~0.5 nA (range, 0.3—-0.9 nA)
was required to evoke Na * spikes in PCs maintained at —70 mV.
Thus, from Figure 3C-E, the most salient effects of Kv1 K * chan-
nel blockade occurred over the 0.6—1.2 nA range, which approx-
imates the threshold range for current injection to elicit Na™
spikes. Furthermore, by regulating the rate of depolarization dur-
ing interspike intervals, our results suggest that Kvl currents
minimize Na * channel inactivation, thereby enabling long peri-
ods of tonic Na™ spike output at sustainable frequencies. An
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substantially shorter after Kv1 blockade (G). With higher-intensity stimulation (2.4 nA), TTX-
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increase in Na™ channel inactivation is predicted to decrease
spike height and thus also decrease the activation of conduc-
tances that generate AHPs.

Kv1 K™ channels regulate Ca-Na burst and Ca**

spike output

After blockade of Kvl K * channels, several fundamental changes
occurred in the Ca-Na burst or Ca*" spike output of PCs (Fig.
4A). Most impressively, the duration of the plateau potential
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after Na ™ spike failure and preceding the onset of Ca-Na bursts
(or Ca** spikes) was markedly shortened after Kvl blockade,
decreasing by over 90% from 416 = 186 to 34 = 8 ms ( p < 0.01;
n = 21) (Fig. 4B). This result suggests that one of the most im-
portant functions of Kvl K* channels in PCs is to balance the
inward conductances underlying the plateau potential, restrain-
ing the cell from low-threshold burst output. The characteristics
of individual Ca-Na bursts, including the frequency of Na * spike
generation within each burst (Fig. 4C), the duration of each
Ca-Na burst (Fig. 4 D), and the frequency of Ca-Na burst output
(Fig. 4E), were modulated by the Kv1 toxins in an intensity-
dependent manner. At 1.5 nA current injection, the frequency of
intraburst Na ¥ spikes increased from 212 * 24 to 275 + 14 Hz,
the duration of Ca-Na bursts decreased from 65 * 20 to 28 * 7
ms, and the frequency of burst generation increased from 19 *+ 3
to 25 £ 2 Hz (all p < 0.05; n = 9). The reasons for a decrease in
the duration of bursts is unknown but likely reflects the actions of
an increased Ca®" spike and faster inactivation and failure of
Na™ spikes.

Both the duration (21.7 % 10.4%) and amplitude (15.4 *
6.5%) of the postburst AHP were increased significantly during
Kv1 blockade at low stimulus intensities ( p < 0.01; n = 9). For
stimulus intensities =2.1 nA, Kvl K channel block no longer
influenced Ca-Na output. No relationship was found between the
rate of change in intraburst Na " spike height or AHP amplitude
when plotted against current intensity. This differs from the
trends found for Na™ spikes within trains and is presumably
related to the significantly larger current injections required to
elicit bursts (often =1.5 nA).

The output of TTX-isolated Ca*™" spikes also proved to be
regulated by Kvl K" channels (Fig. 4F). The threshold to elicit
isolated Ca*" spikes from a holding potential of —70 mV de-
creased from 0.93 = 0.09 to 0.80 = 0.07 nA when Kvl K™ chan-
nels were blocked ( p < 0.05; n = 9). The onset latency of the first
Ca** spike was shortened significantly by toxin application at all
stimulus intensities (Fig. 4 F, G). However, the latency reduction
was most impressive at low stimulus intensities, with a decrease of
44.4 * 10.4% at 1.2 nA compared with 16.7 = 6.2% at 3.0 nA
(n = 9). Furthermore, in the presence of toxin, isolated Ca*"
spikes failed before the end of a 3000 ms depolarization in five of
nine cells, particularly at higher intensities (Fig. 4F,H). Such
output failure was almost never observed in toxins when Na ™
spikes were left intact, suggesting a complex interplay of Na * and
K™ conductances in maintaining Ca** spike output. Blocking
Kvl K* channels further increased Ca*™ spike height by 25.6 +
10.4% over the entire range of stimulus intensities. Changes in
the AHP after a Ca®" spike were comparable with the values
reported above for postburst AHPs, and changes occurred exclu-
sively at low stimulus intensities. Thus, as seen previously for
Na* spikes, the most significant contribution of Kvl K* chan-
nels to Ca-Na burst output, and to TTX-isolated Ca?™, spike
output, is at, or just above, the threshold required to evoke these
events.

Kv1l K* channels regulate CF responses presynaptically

and postsynaptically

CFs provide low-frequency but very intense excitation for PC
somata and proximal dendrites. We sought to identify the poten-
tial role for Kvl K™ channels in regulating the CF response. CF
EPSPs were pharmacologically isolated and evoked by stimulat-
ing in the granular layer (Fig. 5A). Whereas spontaneous CF
EPSPs were never observed in control solutions, blockade of Kv1
K™ channels revealed spontaneously occurring CF responses at a
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Figure5. Kv1K™ channels modulate PCresponses to CF discharge and regulate the presyn-
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distributed between 3.5 and 13 Hz. C, The number of CF spikelets increases approximately
threefold during toxin application. D, The frequency of the initial (2) CF spikelets is increased
during Kv1 blockade. Trailing spikelets (an additional 2—7 spikelets per CF event) seen only
during toxin application are generated at a significantly lower frequency than the initial spike-
lets. Note that the characteristics of evoked and spontaneous CF eventsin MgTX are identical. E,
CF EPSCs evoked in control solutions or in the presence of MgTX (superimposed in left panel).
The kinetics of evoked EPSCs were used to generate simulated EPSC waveforms (right panel). F,
Simulated control CF EPSCs (bottom trace) delivered in current-clamp mode result in CF-like
events. Blockade of Kv1 K ™ channels results in increased spikelet generation in response to a
simulated control EPSC waveform (depicted beneath the spike responses). *p << 0.05 and
**p << 0.01 compared with control. Error bars represent SEM.

mean rate of 1.2 Hz (Fig. 5A,B) (n = 30 of 59 PCs in 100 nm
MgTX; n = 3 of 9 PCs in 200 nm DTX). It is interesting to note
that this frequency is similar to that of spontaneous CF discharge
measured in vivo at 1.2—1.3 Hz (Stratton et al., 1988; Keating and
Thach, 1995). Spontaneous activity was dependent on toxin con-
centration, in that spontaneous CF discharge was never observed
in 1 nM MgTX (n = 0 of 12) but could be elicited by subsequent
application of 100 nM MgTX (n = 4 of 8). MgTX-elicited spon-
taneous CF discharge was TTX sensitive, because 100 nm TTX
immediately blocked spontaneous CF responses (n = 2 of 2),
with eventual recovery after washout. When MgTX and TTX
were coapplied, CF discharge was never observed (n = 0 0f 15). In
contrast, MgTX could still elicit spontaneous CF discharge when
the intracellular Na™ channel blocker QX-314 (5 mM) was in-
cluded in the patch pipette (n = 3 of 4). Together, these results
implicate low affinity and presynaptically located MgTX-
sensitive Kvl K" channels in the regulation of spontaneous CF
discharge.
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Table 1. EPSCkinetics

McKay etal. « Kv1 K™ Channels in Purkinje Cells

Control (n =7) Kv1-blocked (n = 7) Spontaneous (n = 4)
Mean SEM Mean SEM Mean SEM
CFEPSCs
Amplitude (nA) 4.7%* +0.8 53 +1.0 5.7 +14
Rise tau (ms) 0.33 *0.01 0.31 *0.02 0.33 *0.03
Decay tau (ms) 4.48 +0.39 4.49 +0.67 419 +031
PFEPSCs
Rise tau (ms) 0.98 +0.12 0.94 0N
Decay tau (ms) 8.88 *+1.19 8.31 +1.49

**p < 0.01 control (evoked) versus Kv1-blocked (evoked and spontaneous).

Evoked CF responses were markedly changed by toxin appli-
cation. Under control conditions, each stimulus-evoked CF re-
sponse began with a Na ™ spike followed by 2.2 * 0.1 smaller
spikelets that generally failed to overshoot 0 mV, similar to the
values reported in vivo (Simpson and Ito, 1971) (n = 10) (Fig.
5C). The last spikelet was often followed by a depolarizing after-
potential that failed to reach Na* spike threshold. With Kvl1 K™
channels blocked, the number of spikelets increased significantly
to 6.9 * 1.1 for evoked CF discharge and 7.7 * 2.0 spikelets for
spontaneous CF discharge [both significantly different from con-
trol (p < 0.05) but not each other; n = 6] (Fig. 5C). The fre-
quency of the first two spikelets increased by >50% after toxin
application, whereas the subsequent two to seven spikelets oc-
curred at a significantly lower frequency (Fig. 5D).

We sought to identify potential presynaptic and postsynaptic
roles of Kv1 K channels in determining the phenotype of spon-
taneous and evoked CF responses. Because presynaptic effects
may be discerned via changes in paired-pulse ratios, we evoked
pairs of CF EPSCs with a 100 ms interstimulus interval in PCs
voltage clamped at —70 mV. In control solutions, the second CF
EPSC depressed to 0.71 £ 0.04 of its initial amplitude. Interest-
ingly, blockade of Kvl K™ channels significantly reduced the
magnitude of the paired-pulse depression, such that the second
EPSC was 0.78 £ 0.03 of its initial value ( p = 0.01; n = 10). This
represented an increase of 11.0 = 4.2% of the paired-pulse ratio.
To further test the presynaptic basis of the change in paired-pulse
ratio, we blocked all postsynaptic K™ channels by replacing 20
mM of K-gluconate in the intracellular solution with 20 mm TEA
(Yellen et al., 1991; Khodakhah et al., 1997). Under these condi-
tions, the paired-pulse ratio increased by 17.9 = 7.4% (n = 7).
These results are consistent with the interpretation that Kvl K™
channels normally decrease the excitability of the CF terminal
and thus reduce transmitter release during repetitive activation.

We further measured the amplitude and rise and decay kinet-
ics of CF EPSCs (Table 1). The time constants for rise and decay
of CF EPSCs were determined using the sum of two exponentials.
Rise and decay taus did not differ between CF EPSCs evoked
under control and Kvl-blocked conditions and did not differ
from spontaneous CF EPSCs elicited by MgTX (Table 1). How-
ever, the amplitude of evoked EPSCs increased significantly after
toxin application (Fig. 5E) to a mean value similar to that of
spontaneous CF EPSCs (Table 1).

To explore the postsynaptic role of Kvl channels in modulat-
ing CF responses in the absence of presynaptic activity, we simu-
lated CF EPSC waveforms based on the average rise and decay
kinetics of CF EPSCs with either control (4.7 nA) or toxin (5.3
nA) amplitudes (Table 1). These simulated CF EPSC waveforms
were then injected intracellularly in current-clamp mode (Fig.
5E) (see Materials and Methods). Synaptic transmission was
blocked for these experiments. The simulated CF EPSCs resulted

in CF-like discharges during both control and Kv1-blocked con-
ditions (Fig. 5F, 4.7 nA simulated EPSC depicted). The CF-like
discharge evoked under control conditions was identical for the
4.7 and 5.3 nA simulated waveforms (1.39 = 0.18 spikelets at
446 * 36 Hz; n = 9). Similarly, the CF-like discharge evoked
during toxin application was identical for the 4.7 and 5.3 nA
simulated waveforms (2.39 = 0.41 spikelets at 478 = 44 Hz; n =
9). However, the number of spikelets generated during toxin ap-
plication was significantly greater than during control conditions
(p < 0.01). These results suggest that a change in CF EPSC am-
plitude alone is insufficient to change the phenotype of the CF
event. Rather, the altered frequencies and numbers of spikelets
evoked during Kvl K channel blockade are attributable princi-
pally to an enhanced excitability of the postsynaptic PC
membrane.

Kv1 K* channels do not shape parallel fiber EPSPs

Parallel fiber inputs provide small amplitude excitatory stimula-
tion to PC dendrites. To examine the potential for Kvl K" chan-
nels to shape PF EPSPs, we voltage clamped PCs, determined a
range of EPSC amplitudes that could be evoked, and measured
the rise and decay kinetics of individual events. Spontaneous dis-
charge of PF EPSCs was not observed under control conditions or
during toxin application. PF EPSC rise and decay kinetics were
identical between control and Kv1-blocked conditions (Table 1).
As an additional test, we used simulated EPSCs with amplitudes
of 200, 500, and 1000 pA to represent the EPSC range observed
after single stimuli under either control or Kvl-blocked condi-
tions. From a holding potential of —70 mV, the peak EPSP am-
plitude evoked by simulated EPSCs did not differ significantly
between control conditions and toxin application (n = 10).
These results suggest that Kvl K currents do not shape PF syn-
aptic responses, perhaps because under our holding potential
conditions, they fail to sufficiently depolarize the membrane to
near Na * spike threshold at which Kvl K channel effects typi-
cally begin. Thus, Kvl K* channels may shape PF responses at
more depolarized potentials. However, it is also possible that the
Kvl-blocked shift of PC output to an intense burst discharge
mode could significantly filter the small amplitude PF events
(Derjean et al., 2003).

Kv1 K™ channels optimize PC output to facilitate rebound
discharge in DCN neurons

DCN neurons receive inhibitory input from PCs that decreases
the frequency of spontaneous discharge. After the cessation of
inhibition, DCN neurons depolarize and generate a high-
frequency rebound discharge of Na ¥ spikes (Llinas and Muhle-
thaler, 1988). To examine the possibility that Kvl channel-
mediated effects on PC output could be reflected in the response
of postsynaptic DCN neurons, we constructed TTL stimulus files
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Figure 6.  PCoutputs with Kv1 K ™ channels intact are optimized to facilitate short latency
RDs with high Na * spike frequency in DCN neurons. 4, PC spike outputs were converted to TTL
pulse patterns and used as extracellular stimulus patterns to synaptically activate DCN neurons.
B-E, Left panels depict spike patterns recorded from PCs, and right panels depict the corre-
sponding DCN neuron responses to the stimulation of inhibitory inputs using each PC discharge
as a stimulus template (stimulus artifacts truncated). The black bar under each stimulus proto-
col corresponds to the expanded region illustrated in the right panels. B, Low-frequency Kv1-
intact tonic stimulation of DCN neurons evokes a short-latency RD with high-frequency Na *
spikes. C,Na ™ spike frequency decreases, and the delay to RD increases, after high-frequency
tonic stimulation (same cell as in B; basal discharge rate, 5.1 Hz). D, The low-frequency Kv1-
intact burst stimulation protocol facilitates the generation of a short-latency RD with a high rate
of Na ™ spike discharge. E, The high-frequency Kv1-deficient burst protocol results in a long
latency to elicit RD and low-frequency Na ™ spikes during the RD (same cell as in D; basal
dischargerate, 6.4 Hz). F, The delay between cessation of inhibitory stimulation and onset of the
first Na ™ spike in the RD is significantly shorter for both low-frequency stimulus patterns
compared with both high-frequency stimulus patterns. G, At the termination of all four stimulus
protocols, there was an increase in firing frequency relative to baseline rates of discharge
(dashed line; ~10 Hz) for cells exhibiting high-frequency RDs (unfilled bars) and low-frequency
RDs (filled bars). However, pattern-specific differences were noted only for the high-frequency
RD group (asterisks). Within the high-frequency RD group, low-frequency tonic and burst stim-
uli (Kv1-intact) evoked a significantly greater increase in firing rate compared with high-
frequency tonic and burst (Kv1-deficient) protocols. Given the large variability in RD spike fre-
quency, the asterisks in G correspond to statistical analyses completed on this data afteralog,,
transformation. *p << 0.05 (low vs high frequency). Error bars represent SEM.

from spontaneous PC tonic or burst output patterns (Fig. 6 A).
We used a low-frequency tonic and a low-frequency burst proto-
col to mimic the output of PCs under control conditions and a
high-frequency burst protocol to mimic the output of PCs during
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Kvl1 blockade (Fig. 6 B—E). Although this strategy is expected to
activate axons arriving from multiple PCs, it has been shown in
vivo that the PCs that contact individual DCN neurons are orga-
nized in parasagittal bands and show highly correlated firing pat-
terns (Welsh et al., 1995; Lang et al., 1999). Furthermore, multi-
ple PC inputs must be simultaneously activated to elicit precisely
timed spike output from DCN neurons (Gauck and Jaeger,
2000). Thus, a stimulating electrode that activates multiple axons
may approximate a physiological condition.

Four stimulus patterns were presented (Fig. 6) and were ex-
tracted from PCs exhibiting: (1) low-frequency tonic discharge
under control conditions (56 Hz), (2) high-frequency tonic dis-
charge under control conditions (138 Hz), (3) low-frequency
burst discharge under control conditions (26 Na * spikes at 56 Hz
with a 1.0 Hz burst frequency), and (4) high-frequency burst
discharge during Kv1 blockade (11 Na ™ spikes at 150 Hz with a
2.6 Hz burst frequency). Although Kv1 blockade does not result
in sustained high-frequency output from PCs, the high-
frequency tonic pattern was used as a control for the high-
frequency burst pattern. Recent evidence indicates that action
potentials discharging at less than ~200 Hz are conducted faith-
fully down Purkinje cell axons (Monsivais and Hausser, 2003;
Khaliq and Raman, 2004). Therefore, even at the highest action
potential frequency we examined (150 Hz), we expect that action
potentials measured intrasomatically would faithfully propagate
to the DCN neurons, as would the action potentials generated by
the corresponding extracellular stimulation protocols.

DCN neurons discharged Na ™ spikes spontaneously at a base-
line rate of 11.4 £ 1.2 Hz (n = 17), consistent with previous
reports (Gauck and Jaeger, 2000). Average input resistance as
determined by hyperpolarizing steps of current was 189 * 20
M. No holding current was applied during extracellular stimu-
lation. The magnitude of RD in DCN neurons reflects a combi-
nation of the magnitude and duration of the preceding mem-
brane hyperpolarization (Aizenman and Linden, 1999).
Although repetitive stimulation evoked IPSP depression (Tel-
gkamp and Raman, 2002), we found that all four PC stimulus
protocols resulted in comparable absolute membrane hyperpo-
larizations during the early (—62 mV) and late (—58 mV) phase
of stimulus trains. We also found that for a given frequency of
stimulation, the characteristics of the subsequent RD were com-
parable despite up to an ~20-fold difference in the duration of
membrane hyperpolarization. Thus, neither the magnitude nor
the duration of the membrane hyperpolarization induced by our
PC stimulus patterns appeared to determine the characteristics of
the subsequent RD. This finding would suggest that the activa-
tion of I, or the deinactivation and subsequent availability of I,
did not differ between stimulus patterns. Rather, the frequency of
stimulation proved to be the distinguishing feature of PC dis-
charge patterns that could regulate RD characteristics.

After the offset of inhibition, DCN neurons depolarized at a
stimulus frequency-dependent rate, reaching the threshold for a
rebound discharge of Na ™ spikes with a characteristic latency and
spike frequency (Fig. 6 B-E). The latency between the last IPSP
and the first Na ™ spike of the RD was consistently shortest for
low-frequency tonic and burst PC stimulus patterns (~70 ms).
By comparison, the RD onset latency was significantly longer for
the high-frequency tonic and high-frequency burst stimulus pat-
terns (~100 ms) (Fig. 6 F). When we considered the frequency of
Na ™ spikes within each RD, we noted significant variability be-
tween DCN neurons for the peak frequency of RD, as reported
previously (Aizenman et al., 1998; Aizenman and Linden, 1999).
This variability was related to the presence of two basic cell re-
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sponses: those cells whose peak RD frequency was less than two-
fold the baseline discharge frequency (baseline, 11 = 1 Hz vs peak
RD, 15 = 2 Hz; p <0.01; n = 10 of 17 cells) and those whose peak
RD frequency was more than twofold the baseline discharge fre-
quency (baseline, 10 = 2 Hz vs peak RD, 128 = 42 Hz; p < 0.01;
n = 7 of 17 cells). The reason for these differences are currently
unknown but may reflect the heterogeneity of cell types in the
deep nuclei (Czubayko et al., 2001). Stimulus protocol-
dependent differences in the peak frequency of RD were evident
for the high-frequency RD group (Fig. 6G, unfilled bars) but not
for the low-frequency RD group (Fig. 6G, filled bars). In the
high-frequency RD group, an increase in firing rate was noted for
all protocols after relief of inhibition: ~12-fold increase over
baseline for both low-frequency tonic and burst stimulation pro-
tocols and ~8-fold increase over baseline for the high-frequency
tonic and high-frequency burst stimulation protocols (Fig. 6G).

These results indicate that low-frequency PC outputs were
most effective in evoking a short-latency and high-frequency RD
in DCN neurons. Thus, one very important function of Kvl K™
channels in PCs is to reduce the frequency at which PCs generate
Na™ spikes, which in turn optimizes the output of the DCN
neuron. Although our understanding of this synapse is rapidly
increasing (Aizenman and Linden, 1999; Gauck and Jaeger, 2000;
Pedroarena and Schwarz, 2003; Telgkamp et al., 2004), future
work with physiologically derived stimulation patterns will be
required to fully determine the relationship between multiple
stimulus factors and DCN neuron RD.

Discussion

The current study indicates that noninactivating Kvl K* cur-
rents in the somata and dendrites of PCs contribute to multiple
forms of cell output principally near threshold for spike genera-
tion. We further demonstrate that Kvl K * channels enable low-
frequency tonic or burst PC output that is optimized to elicit
short-latency and high-frequency RDs from DCN neurons.

Kvl K* channels regulate Purkinje cell output
We found that Kvl K™ channels were activated near spike thresh-
old and maintained low frequencies of Na ™ spike discharge but
played a limited role in shaping the Na ™ spike waveform or set-
ting the delay to spike discharge. A primary role was in enabling a
sustained Na ™ spike output, in that a loss of Kv1 channels re-
sulted in a rapid inactivation of spike discharge. Kv1 K™ channels
in hippocampal neurons were also found capable of supporting
sustained spike output, because transfection of Kv1.3 K™ chan-
nels converted an adapting phenotype into sustained firing (Kup-
peretal., 2002). These results differ somewhat from other cells in
which Kv1 channels delay the onset to Na* spiking and confer
strong spike adaptation (Storm, 1988; Nisenbaum et al., 1994;
Brew and Forsythe, 1995; Locke and Nerbonne, 1997;
Gambkrelidze et al., 1998; Golding et al.,, 1999; Bekkers and
Delaney, 2001; Rothman and Manis, 2003; Faber and Sah, 2004).
These differences may relate to the relative density of low thresh-
old current or the presence of additional depolarizing inward
currents that drive spike discharge in PCs, including a resurgent
Na™ current and slow Na* and Ca®" currents underlying pla-
teau potentials (Llinas and Sugimori, 1980; Raman and Bean,
1997; Rothman and Manis, 2003). Kv1 channels then appear to
act near spike threshold to offset these inward currents to main-
tain a relatively low frequency and sustained discharge of Na™
spikes.

Kvl K™ channels also maintained low frequencies of Ca-Na
bursts and Ca** spikes, regulated the duration of plateau poten-
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tials, and set the threshold for Ca®* spike discharge. Previous
reports that the nonspecific K channel blocker 4-AP decreased
plateau durations and Ca*" spike thresholds can now be identi-
fied as Kvl-mediated effects given the specificity of the toxins we
used (Hounsgaard and Midtgaard, 1988; Watanabe et al., 1998).
Furthermore, we have identified Kvl K™ currents in both so-
matic and dendritic membranes, providing the first electrophys-
iological confirmation of the Kvl immunolabel reported in these
regions. Although others have been unable to detect DTX- or
MgTX-sensitive currents in mouse PCs (Southan and Robertson,
2000), this discrepancy may be related to species or age factors.

Kv1 channel toxins further elicited spontaneous CF discharge,
suggesting that Kvl K channels participate in setting the excit-
ability of CF inputs. Because spontaneous CF discharge was sen-
sitive to TTX but not internal QX-314, this activity may be inter-
preted as the activation of local spiking in severed CF axons or
terminals, because the cell bodies of origin are lost in the in vitro
preparation. In support of this conclusion, blockade of Kv1 K™
channels in isolated terminals or synaptosomes from neocortex
also results in TTX-sensitive transmitter release (Tibbs et al.,
1996; Lambe and Aghajanian, 2001). We additionally showed a
postsynaptic role for Kvl K™ channels in regulating the CF re-
sponse using simulated EPSC waveforms. Interestingly, here the
role for Kvl channels was to limit the number of Na™ spikes
discharged by the large CF EPSP. By comparison, small ampli-
tude PF EPSCs were not shaped by Kvl K™ channels, suggesting
that activation of these channels requires the larger CF synaptic
event.

Identity of Kv1 subtypes in Purkinje cells and climbing fibers
Outside-out recordings indicated that PC somatic and dendritic
Kvl K™ currents were noninactivating. Anatomical studies con-
sistently detect the expression of noninactivating Kvl1.1, Kv1.2,
Kv1.3, and Kv1.6 « subunits in PCs (Veh et al., 1995). However,
PCs also express Kvf3 subunits that contain an “N-ball” that con-
fers inactivation onto all but Kv1.6 subunits in expression studies
(Rettig et al., 1994; Heinemann et al., 1996; Rhodes et al., 1996).
Therefore, the lack of inactivation suggests that Kvl K™ currents
in PCs are mediated by Kv1.6 « subunits or that other Kvl «
subunits are expressed but not coassembled with Kv subunits.
Our pharmacological experiments suggest this subunit might be
Kv1.2, because it is the only Kv1 « subunit blocked by DTX and 1
nM MgTX (Coetzee et al., 1999). For CFs, we found that sponta-
neous discharge could be elicited by 100 nm but not 1 nm MgTX.
These results suggest that Kv1.6 « subunits may regulate CF ex-
citability, because they are the only Kvl « subunits with a low
sensitivity to MgTX (Coetzee et al., 1999).

Purkinje cells express both low- and high-threshold

K™* channels

In several cell types, low-threshold Kvl K* channels are ex-
pressed together with high-threshold Kv3 K channels (Dodson
and Forsythe, 2004). This is particularly evident in the calyx of
Held/MNTB, cochlear nuclei, and in the terminals of cerebellar
basket cells (Brew and Forsythe, 1995; Trussell, 1997; Grigg et al.,
2000; Southan and Robertson, 2000; Ishikawa et al., 2003; Roth-
man and Manis, 2003; Lu et al., 2004). As a rule, low-threshold
Kvl K" channels limit membrane excitability and preserve a
one-to-one relationship between an EPSP and a Na * spike (Dod-
son and Forsythe, 2004). High-threshold Kv3 K™ channels, on
the other hand, rapidly repolarize action potentials and generate
fast AHPs, thereby enabling high-frequency spike output (Rudy
and McBain, 2001).
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PCs express both Kvl and Kv3 K™ channels, and from our
present and past work in PCs (McKay and Turner, 2004), we can
make detailed comparisons of the functions of these channels.
For Na * spikes, Kv1 K * channels slow interspike depolarizations
to enable sustained, low-frequency spike output, whereas Kv3
K™ channels repolarize Na ™ spikes and generate fast AHPs to
allow acute high-frequency spike discharge. We found that Kv1
K™ channels set the current threshold to evoke Ca** spikes and
by opposing sustained inward currents, control plateau poten-
tials that determine the onset latency to Ca®" spikes. Kvl K™
channels also maintain a low frequency of Ca** spike output but
contribute minimally to Ca** spike waveform. On the other
hand, Kv3 K" channels contribute substantially to the Ca?"
spike waveform, regulating duration, amplitude, and fast AHP.
By restraining Ca’" influx, Kv3 K" channels enable high-
frequency Ca** spike output by limiting the activation of Ca**-
activated K* channels and thus the duration of slow AHPs. For
Ca-Na burst output, Kvl K™ channels slow burst frequency and
intraburst Na ™ spike frequency. Kv3 K™ channels, especially at
high stimulus intensities, restrain Ca*" spike amplitude to en-
sure an efficient coupling of Na ™ spikes to Ca*" spikes. Without
Kv3-mediated repolarization of the Ca*™ spike underlying each
Ca-Na burst, Na ¥ spike generation is disabled and burst output
is lost. Our results thus indicate that low- and high-threshold K *
channels contribute significantly to the output of PCs, with the
role for Kv1 K™ channels centered around the threshold of spike
generation, whereas Kv3 K channels actively shape spike
waveforms.

Kv1 K* channels optimize PC output to facilitate RD in

DCN neurons

An important consideration is how ion channels that regulate
spike output can affect the activity of postsynaptic neurons. In
DCN cells, a rebound depolarization converts inhibitory input
from PCs into a burst of spike output. We have shown that DCN
neurons respond to low-frequency inhibitory stimulation reflect-
ing normal Kv1-intact PC output with a short-latency and high-
frequency RD. In contrast, stimulation of inhibitory inputs at a
higher frequency representative of Kvl-deficient PC output re-
sulted in a longer-latency and lower-frequency RD. Despite these
stimulus-specific differences, all protocols resulted in compara-
ble levels of membrane hyperpolarization throughout the course
of spike trains. Therefore, the latency to RD and the frequency of
spikes within the RD appear to be highly dependent on the fre-
quency of inhibitory stimulation. Because PC output frequency is
set in part by Kvl K channels, our results suggest that Kvl K™
channels generate an output that optimizes DCN neuron
behavior.

Controlling the latency to RD and RD spike frequency may
have important consequences for the timing of cerebellar output.
One mechanism proposed to underlie cerebellar timing is a de-
layed reverberating loop based on the anatomy of cerebellar cir-
cuits and timing of interactions between individual cell types
(Kistler and Leo van Hemmen, 1999). The basic circuit consists of
the precerebellar nuclei, cerebellar cortex, and DCN neurons that
project back onto precerebellar nuclei and reactivate mossy fiber
input. It has been reasoned that the delay to RD in DCN neurons
can enable this circuit to make temporal discriminations on the
order of ~100 ms, thereby establishing a reverberation frequency
of ~10 Hz. We found that the RD was delayed by ~40% on
blocking Kv1 channels in PCs (~70 to ~100 ms). Because the
contribution of Kvl K™ current to cell output can be acutely
changed by phosphorylation (Huang et al., 1993; Winklhofer et
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al., 2003; Colley et al., 2004), it raises the interesting possibility
that modulation of PC Kv1 current could dynamically modulate
PC and thus DCN output to adjust cerebellar reverberation
frequencies.
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