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Erg Potassium Currents of Neonatal Mouse Purkinje Cells
Exhibit Fast Gating Kinetics and Are Inhibited by mGluR1
Activation

Dragos Niculescu, Wiebke Hirdes, Sonke Hornig, Olaf Pongs, and Jiirgen R. Schwarz
Institute for Molecular Neurogenetics, Center for Molecular Neurobiology (ZMNH), University of Hamburg, D-20251 Hamburg, Germany

We investigated the subthreshold properties of an erg (ether-a-go-go-related gene) K * current in Purkinje cells of neonatal mice. Action
potentials recorded from Purkinje cells in cerebellar slices exhibited a decreased threshold potential and increased frequency of sponta-
neous and repetitive activity following application of the specific erg channel blocker E-4031. Accommodation was absent before and after
drug application. The erg current of these Purkinje cells activated at membrane potentials near —60 mV and exhibited fast gating
kinetics. The functional importance of fast gating subthreshold erg channels in Purkinje cells was corroborated by comparing the results
of action potential clamp experiments with ergla, erglb, erg2, and erg3 currents heterologously expressed in HEK cells. Computer
simulations based on a NEURON model of Purkinje cells only reproduced the effects of the native erg current when an erg channel
conductance like that of erg3 was included. Experiments with subunit-sensitive toxins (BeKm-1, APETx1) indicated that erg channels in
Purkinje cells are presumably mediated by heteromeric ergl/erg3 or modified ergl channels. Following mGluR1 activation, the native erg
current was reduced by ~70%, brought about by reduction of the maximal erg current and a shift of the activation curve to more positive
potentials. The Purkinje cell erg current contributed to the sustained current component of the biphasic mGluR1 response. Activation of
mGluR]1 by the agonist 3,4-dihydroxyphenylglycol increased Purkinje cell excitability, similar to that induced by E-4031. The results

indicated that erg currents can be modulated and may contribute to the mGluR1-induced plasticity changes in Purkinje cells.

Introduction

Electrical activity of Purkinje cells provides the sole output of the
cerebellar cortex and is essential for the control of coordinated
movements (Ito, 2006). Cerebellar malfunction leads to poor
balance, cerebellar ataxia, and impaired performance of rapid
and alternating movements (Llinas et al., 2004). One of the ionic
currents contributing to the intrinsic activity of Purkinje cells
(Raman and Bean, 1999; Khaliq et al., 2003) is mediated by erg
(ether-a-go-go-related gene) channels (Sacco et al., 2003). In
adult mice, pharmacological blockage of erg currents increased
the frequency of action potential firing in Purkinje cells and re-
duced their pronounced accommodation (Sacco et al., 2003). Erg

Received Nov. 30, 2012; revised Sept. 5, 2013; accepted Sept. 10, 2013.

Author contributions: D.N., W.H., S.H., 0.P., and J.R.S. designed research; D.N., W.H., S.H., and J.R.S. performed
research; D.N., W.H., S.H., and J.R.S. analyzed data; 0.P. and J.R.S. wrote the paper.

This work was supported by the Deutsche Forschungsgemeinschaft (Schw292/14-1, Schw292/16-1). We thank
Dr.N.T. Carnevale (Yale University), Dr. H.-M. Ziethen, and L. Glau (ZMNH) for help with NEURON; Dr. S. Hoffmeister-
Ullerich (Center for Molecular Neurobiology) for help with the qPCR; P. Breiden for help with the cell culture and
constructing HEK 293 cells stably transfected with erg1, erg2, or erg3 channels; Dr. M. Lazdunski and Dr. S. Diochot
(Valbonne, France) for their gift of the sea anemone toxin APETx1; and Dr. M. Kneussel for his generous hospitality.

Authors declare no competing financial interests.

Correspondence should be addressed to Dr. Jiirgen R. Schwarz, Institute for Molecular Neurogenetics, Center for
Molecular Neurobiology, University Hospital Hamburg-Eppendorf, Falkenried 94, D-20251 Hamburg, Germany.
E-mail: schwarz@uke.uni-hamburg.de.

D. Niculescu’s present address is Synapse and Network Development, Netherlands Institute for Neuroscience,
Meibergdreef 47, 1105 BA Amsterdam, The Netherlands.

0.Pong's present address is Saarland University, Institute of Physiology, Building 59, 66421 Homburg, Germany.

DOI:10.1523/JNEUR0SCI.5523-12.2013
Copyright © 2013 the authors  0270-6474/13/3316729-12$15.00/0

currents with similar functions have been described in neurons of
the spinal cord (Furlan et al., 2007), brainstem (Hirdes et al.,
2005; Pessia et al., 2008; Hardman and Forsythe, 2009), olfactory
bulb (Hirdes et al., 2009), and vomero-nasal organ (Hagendorf et
al., 2009).

Three genes (ergl, erg2, erg3) encoding erg channel subunits
have been cloned. In contrast to other voltage-gated potassium
channels, erg channels are equipped with “inversed” gating kinet-
ics, i.e., they inactivate faster than they activate, transforming
them functionally into inwardly rectifying K™ channels (Shiba-
saki, 1987). In the heart, erg channel expression is restricted to
ergla and its isoform erglb. Cardiac erg channels mediate the
rapidly activating delayed rectifier (Iy,), which contributes to re-
polarization of the cardiac action potential (Curran et al., 1995).
Dysfunction of cardiac erg channels induces along QT syndrome
(LQT-2; Sanguinetti and Tristani-Firouzi, 2006). In the brain, the
three erg channels (as well as their isoforms) are expressed (Sa-
ganich et al., 2001; Guasti et al., 2005; Hagendorf et al., 2009) and
may also be coexpressed in single neurons (Hirdes et al., 2005). The
time-dependent and voltage-dependent properties of homomeric
and heteromeric erg channels that can be formed have been studied
in heterologous expression systems (Shi et al., 1997; Wimmers et al.,
2002; Sturm et al., 2005). However, although the functional impor-
tance of erg currents for the control of neuronal excitability is widely
appreciated, the function of each of the different neuronal erg chan-
nels expressed in a particular neuron is still elusive.

In the present study, we first characterized the subthreshold
properties of the erg current in Purkinje cells of neonatal mice
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Table 1. Extracellular solutions (ACSF)”
Standard Cutting Current clamp, Action potential

solution  solution on-cell damp 8mmK™* 40mumK ™"

Kcl 25 25 5 5 8 40

NadCl 125 125 1225 1225 119.5 87.5
Mg, 1 3 1 2 3 3

G, 2 0 2 1 0 0
NaHCO, 26 26 26 26 26 26
NaH,P0, 1.25 1.25 1.25 1.25 1.25 1.25
Glucose 20 20 20 20 20 20

pH (carbogen) 7.4 74 74 74 74 74

“The table contains the solutions used in the slice experiments (concentrations given in mm). For composition of
solutions used in experiments with cultured cells, see Material and Methods.

and tried to determine which of the four erg channel subunits
(ergla, erglb, erg2, erg3) contribute to channel formation. To
avoid space clamp problems, we restricted the experiments to
Purkinje cells of neonatal mice [postnatal day (P) 5-P10], which
are experimentally more suitable than Purkinje cells of adult
mice. The native erg current exhibits fast gating kinetics and ac-
tivates at negative membrane potentials. The native erg channels
are presumably heteromeric ergl/erg3 channels or composed of
modified ergl subunits. This suggestion was corroborated by ex-
periments with subunit-sensitive toxins (BeKm-1, APETx1), ac-
tion potential clamp experiments, and computer simulations.
The decrease of cerebellar erg3 protein expression during devel-
opment by 50% supported its possible involvement in erg chan-
nel formation in Purkinje cells of neonatal mice. Second, we show
that mGluR1 activation inhibits erg current and that this inhibi-
tion increases Purkinje cell excitability.

Materials and Methods

Acute slice preparation. Cerebellar slices were prepared from P5-P10
C57BL/6 male mice. In accordance with institutional guidelines of the
University of Hamburg, animals were decapitated and the brain was
quickly removed and immersed in ice-cold carbogenated (95% O,, 5%
CO,) modified standard artificial CSF (ACSF) containing 3 mm MgCl,
and no CaCl,. The brain was cut in the midsagittal plane and the two
halves were glued with cyanoacrylate on the cutting plate of a vibratome
(Leica VT1200S). Parasagittal slices of 200 wm were cut and subsequently
incubated in standard ACSF at 35°C for 1 h. The recordings were made
within 8 h after incubation.

Heterologous expression. The cDNAs for rat erg channel subunits,
ergla, erglb, erg2, and erg3, were subcloned into the pcDNA3 vector
(Invitrogen) and transiently transfected into HEK293 cells cultivated in
DMEM/Ham’s F12 medium (PAA Laboratories) with 1% penicilline/
streptomycine/L-glutamine and 10% FBS at 37°C in a water-saturated
atmosphere of 95% air and 5% CO,. The same protocol was used for
ergl/erg3 concatemers (Wimmers et al., 2002). For transfection, cells
were placed on poly-L-lysine-coated glass coverslips and used within 1-3
d. Transfection was performed according to the manufacturers instruc-
tions with lipofectamine (Invitrogen), 1 ug of channel cDNA, and 0.6 ug
of pcDNA3/mCherry (kindly provided by Dr. U. Boehm, Center for
Molecular Neurobiology, University of Hamburg) in Optimem (Invitro-
gen). Transfected cells were fluorescent when stimulated at 540 nm. For
stable transfection, cDNA of erg channels was linearized with Meul (Fer-
mentas) and transfected into HEK293 cells with calcium phosphate. Sta-
ble expression was achieved by using geneticin (Sigma-Aldrich).

Solutions and chemicals. Extracellular solutions (ACSF) used in the
acute slice experiments are summarized in Table 1. The pH was adjusted
for all ACSF solutions to 7.4 with carbogen during the experiment. The
Ringer’s solution contained the following: 135 mm NaCl, 5 mm KCI, 1 mm
CaCl,, 2 mm MgCl,, 10 mm HEPES, 5 mum glucose, pH adjusted to 7.4
with NaOH. Two pipette solutions were used. The K-methanesulfonate
solution contained the following: 123 mm K " _methanesulfonate, 9 mm
NaCl, 1.8 mm MgCl,, 0.9 mm EGTA, 9 mv HEPES, 14 mum Na,-
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phosphocreatine, 4 mm MgATP, 0.3 mm Na;GTP, pH adjusted to 7.3
with KOH. This solution was used in the whole-cell configuration (Jack-
son and Bean, 2007). The K *-gluconate solution contained the follow-
ing: 140 mm K " -gluconate, 4 mm MgCl,, 0.5 mm EGTA, 10 mm HEPES,
4 mm Na,ATP, 0.4 mm Na,GTP, pH adjusted to 7.3 with KOH. This
solution was used in the on-cell configuration (Sacco et al., 2003). Liquid
junction potentials were not corrected. To isolate erg currents, the applica-
tion of 1 uMm of the antiarrhythmic drug E-4031 (Eisai) was sufficient to
achieve a complete block. To see the rapid effect of erg channel blockage on
the firing activity of the neurons, 5 um E-4031 was used. To eliminate syn-
aptic activity, synaptic blockers were added to the ACSF to block NMDA
(AP-5,50 um), AMPA (CNQX, 10 um), and GABA , receptors (bicuculline,
20 uM). As a mGluR1 agonist, (S)-3,5-3,4-dihydroxyphenylglycol (DHPG;
50 um) was used. Synaptic blockers and DHPG were purchased from Ascent
Scientific. All experiments were done at room temperature (22-25°C).
Chemicals were purchased from Sigma-Aldrich. The scorpion toxin
BeKm-1 was purchased from Alomone Labs. The sea anemone toxin
APETx1 was a kind gift from Dr. M. Lazdunski and Dr. S. Diochot (Val-
bonne, France).

Electrophysiology. Purkinje cells and transfected HEK293 cells were
patch-clamped under a water-immersed 40X objective of a Zeiss Axios-
kop 2 FS Plus microscope. Purkinje cells were chosen for recordings only
if their dendritic initial segment was visible under infrared differential
interference contrast optics. Borosilicate glass capillaries (GC150F-10,
Harvard Apparatus) were pulled (Flaming/Brown micropipette puller,
Model P-97, Sutter Instrument) and had a resistance of 3—5 M{) when
filled with internal solutions. Membrane currents and action potentials
were recorded using an EPC9 amplifier (HEKA Elektronik). Only re-
cordings with an access resistance <30 M() were evaluated. Slices were
perfused continuously (1-1.5 ml/min) with carbogenated ACSF. Data
were analyzed using PulseFit (HEKA), Igor Pro 6.03 (Wavemetrics), and
Excel (Microsoft). Averaged values are given as mean * SEM. Paired and
unpaired two-tailed ¢ tests were performed to determine the level of
statistical difference.

Quantitative PCR. Erg subunit expression was quantitatively investi-
gated in cerebella of neonatal (P6) and adult (7-week-old) mice. The
procedure was performed as described previously (Hirdes et al., 2009):
RNA was isolated using TRIzol reagent (Invitrogen). One microgram of
total RNA was used for oligo (dT) primed reverse transcription using
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas), ac-
cording to standard protocols. cDNAs were amplified in a 20 ul reaction
with total RNA (11 ul), 1 ul of Random Primers (Fermentas), 1 ul of (20
U) RiboLock RNase Inhibitor (Fermentas), 4 ul of 5X First Strand Buf-
fer, 2 ul of 1 mm deoxyribonucleotide triphosphates, and 1 ul of 200 U
RevertAid H Minus Reverse Transcriptase (Fermentas). cDNAs were
stored at —20°C. Quantitative PCR (qPCR) was performed with the
SYBR GreenER SuperMix kit premixed with Rox reference dye (Invitro-
gen) in a volume of 20 pl containing 2 ul of cDNA (~20 ng), 2 ul of
forward and reverse primer (0.5 um), 10 pl of SYBR Green, and 6 ul of
H,O. All PCRs were performed in 96-well plates using an ABI Prism
7900HT Sequence Detection System (Applied Biosystems). The thermal
cycling conditions, equal for all primer pairs, comprised an initial step at
50°C for 2 min followed by a denaturating step at 95°C for 10 min. The
amplification stage consisted of 40 cycles at 95°C for 15 s and 60°C for
60 s. Following this cycling condition, a melting curve analysis was per-
formed by cooling the PCR product to 60°C for 15 s before gradual
heating (ramp rate of 1°C/min) to 95°C. Negative controls using water
instead of cDNA as template and products generated without reverse
transcriptase were included in every set of experiments. Analysis of the
data was performed using Sequence Detection System (SDS) 2.4 software
(Applied Biosystems). A correction was performed using a passive refer-
ence dye (Rox), which is present in the PCR master mix. Reactions with
a cycle threshold value >30 or with any evidence of nonspecificity (low
melting temperatures or multiple peaks in melting point analysis) were
excluded from the analysis. The amounts of test sample (erg subunits)
and reference genes [phosphoglycerate kinase 1 (pgkl) and transferrin
receptor (Tfr)] were interpolated using a standard curve originated from
mouse brain ¢cDNA dilutions. The standard curves obtained with the
pairs of primers listed below fulfilled the quality criteria given by the
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manufacturer (slope, = 3.1; correlation coefficient r, = 0.99) proving the
efficiency of the primers. Expression levels of erg subunits were normal-
ized to the two reference genes (pgk1, Tfr). For amplification, we used the
following forward and reverse primer pairs (GenBank database, acces-
sion numbers in brackets): M-ergla (NM_013569) nucleotides 425—660
(for detection of m-ergla and m-ergla-uso), 5'-CTCATGACACCAAC
CACAGG-3" and 5'-GTTGTCCATGGCAGAAACCT-3'; M-erglb
(AF012869) nucleotides 11-200 (for detection of m-erglb and m-erglb-uso;
5'-CAACCGGGAAGGAGAGCAGGAC-3" and 5'-TTGAAGGGGCTGTA
GTGGAG-3'; M-ergla (NM_013569) nucleotides 2263-2452 and M-erglb
nucleotides 16071796 (AF012869; for detection of m-ergla and m-erglb
without ergla-uso and erglb-uso), 5'-GCGCTGGCTATGAAGTTCAA
G-3" and 5'-CAGGACGGGCATATAGGTTCAGA-3"; M-erg2
(NM_001037712)nucleotides1488-1716,5'-CATGCTCATTGGCTC
ACTTATG-3" and 5'-GAAGCCTTTCAGCACCGCG-3"; M-erg3
(NM_133207) nucleotides 2882-3045, 5'-CAACCAGACTCCATGG
TGAA-3" and 5'-GGCAGCTCTCTGAAGTCCTG-3'; pgkl
(NM_008828.2) nucleotides 54-267, 5'-GGTCGTGATGAGGGTG
GAC-3" and 5'-CAGCAGAGATTTGAGTTCAGCA-3'; Tir
(NM_011638) nucleotides 140-385, 5'-ATGCCGACAATAACATGA
AGGC-3" and 5'-GGTCTGCCCAATATAAGCGAGA-3'.

Researchers have found that in humans HERG1a-uso does not form
functional erg channels after translation (Kupershmidt et al., 1998).
Since it is not known whether ergla-uso exists in the mouse, we have
chosen primer pairs for amplification of the different m-ergl isoforms
assuming a gene structure similar to that of HERG1a-uso and HERG1b-
uso. One primer pair amplified m-ergla and m-erglb transcripts, a sec-
ond primer pair m-ergla and m-ergla-uso, and a third primer pair
m-erglb and m-erglb-uso.

Simulation. To simulate the E-4031 effects on repetitive firing of action
potentials, we used the Purkinje cell model by Khaliq, Gouwens, and
Raman (KGR; Khaliq et al., 2003), written in the NEURON environment
(Hines and Carnevale, 1997) and available from the NEURON homep-
age at https://senselab.med.yale.edu/modeldb/. The model incorporates
eight ionic currents of mouse Purkinje cells (P14—P20): Na™ current;
three outwardly rectifying K™ currents with fast, medium, or slow inac-
tivation kinetics; BK current; P-type Ca** current; h current; and leak
current. Simulations were done with data recorded at 22°C. To increase
the similarity between our current-clamp recordings in Purkinje cells
and the computer simulations, we changed two conductances of the KGR
model. First, the resurgent property of the Na* channel was removed
since we did not observe repetitive after-potentials and high-frequency
firing in our experiments. This change was done by reducing the rate
constant that determines the formation of the blocked Na channel (rate
constant ¢ in the KGR model) from 1.75 to 10 2 ms ! (Khaliq et al.,
2003). In addition, Na " conductance was reduced from 0.015 to 0.010
S/ecm?. Second, the fast K* conductance was doubled (from 0.004 to
0.008 S/cm?) to remove the spontaneous activity of the model. Rate
constants of ergla or erg3 activation and inactivation were determined
from voltage-clamp experiments in HEK293 cells previously transfected
with ergla or erg3. The following steady-state values as well as time-
dependent and voltage-dependent parameters of ergla and erg3 channels
were determined by using the appropriate pulse protocols (see Results for
detailed description of protocols): steady-state activation and inactiva-
tion, time constants of development of activation and deactivation, de-
velopment of inactivation and recovery from inactivation (Sturm et al.,
2005). From these data, the forward and backward rate constants of erg
current activation and inactivation were evaluated as described by Hodg-
kin and Huxley (Hodgkin and Huxley, 1952). The voltage dependence of
rate constants was fitted with the exponential equation: flx) = A, [k
(v — vy)], with v the membrane potential (in millivolts), and v, = —120
mV. The activation and inactivation rate constants (means = SEM) for
ergla (n = 4) and erg3 (n = 4) are summarized in Table 2.

Ergla and erg3 channels were constructed with the channel builder of
NEURON 7.1 and incorporated into the KGR model. Conductance of
ergla or erg3 channels and stimulus strength were changed until the
modeled frequency of action potentials equaled that of the actual Pur-
kinje cell recordings.
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Table 2. Summary of activation and inactivation rate constants (means =+ SEM) for
erglaand erg3

Ams ) k(mv ™)

Erg1a activation
o, 0.000015 = 0.000005
B 0.031 = 0.004
Erglainactivation

0.041 = 0.003
—0.038 = 0.0013

ay, 0.0029 = 0.0006 0.033 = 0.0012
Bn 0.759 = 0.082 —0.032 = 0.0012
Erg3 activation
Qg 0.0008 == 0.0003 0.031 = 0.003
B 0.062 = 0.016 —0.032 % 0.002
Erg3 inactivation
ay, 0.0015 = 0.0006 0.027 = 0.003
By 123 £032 —0.033 % 0.003
A control
C .
8
¥e
7
B E-4031 5pAl1s g 4
g
32
0
Figure 1. Increase in the frequency of spontaneous activity in a Purkinje cell of a neonatal

mouse (P8) after blockage of erg channels. A, B, On-cell recording measured in ACSF before (A)
and during (B) application of 5 um E-4031. G, Increase of action current frequency from 5.7 ==
0.6 Hzt0 6.6 = 0.8 Hz (*p < 0.05;n = 10).

Results

Erg channels decrease excitability

To investigate the function of erg currents in Purkinje cells of
neonatal mice, we performed current-clamp experiments in
acute slices from the cerebellum of P5-P10 mice and investigated
the effect of erg channel blockage on the frequency of action
potential firing. The recordings were done in ACSF containing 5
mM K™ and 2 mm Ca*™ in the presence of synaptic blockers. The
irregular spontaneous firing shown in the on-cell recording of
Figure 1 was characteristic for Purkinje cells of neonatal mice.
Application of E-4031, a specific erg channel blocker (Weinsberg
etal., 1997), increased the firing frequency from 5.7 = 0.6 Hz to
6.6 = 0.8 Hz (n = 10, p < 0.05). In whole-cell recordings, the
resting potential was —57 = 3 mV (n = 8; data not shown). This
value is similar (—56.2 * 2.4 mV) to that reported by Sacco et al.
(2003). The spontaneous activity vanished after hyperpolarizing
the membrane potential to =—60 mV. One hundred picoamp
depolarizing current pulses elicited repetitive activity (Fig. 2A).
The threshold potential was determined by constructing a phase
plane plot (Bean, 2007). Figure 2B shows that the first action
potential exhibited a more negative threshold potential (V,, =
—39.6 = 0.9 mV, n = 24) than the action potentials during the
subsequent repetitive activity (Vy, = —38.0 = 0.7 mV). E-4031
application shifted the threshold potentials by —2.5 and —2.6
mV, respectively, i.e., for the first action potential to —42.1 = 0.9
mV (p < 0.001; n = 24) and for the subsequent action potentials
to —40.6 = 0.8 mV (p < 0.001). The decreased threshold poten-
tial can be explained by a decrease in outward K™ current across
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the soma membrane and a slight increase
in membrane resistance in the presence of
E-4031. Membrane resistance was deter-
mined from the membrane potential
change induced by a 100 pA depolarizing
current in the presence of TTX to avoid
the activation of Na channels (control,
168 = 12 M{); in the presence of E-4031,
220 + 8 MQ; n = 5; p < 0.01).

The instantaneous firing frequency
(IFF) calculated from the first interspike
interval increased from 32 = 3 Hz to 39 =
4 Hz (p < 0.001, n = 24). The mean fre-
quency determined from all action poten-
tials elicited with the 100 pA depolarizing
pulse of 500 ms duration was 25 £ 1 Hz in
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E-4031

control

the absence of E-4031 and increased to
29 £ 2 Hz (p < 0.001, n = 24) in the
presence of E-4031. The IFF of the first

three action potentials decreased faster dad N i
: 2 h 50 - N
than during the remaining repetitive ac- e = 40 —
.. . 40 sk * % kkFF L ey Fekdk
tivity. Although in the presence of E-4031 N 5 S 30 -
there was a significant increase in IFF, ac- =~ 30 — 2
commodation remained absent. In 12 T 220 x
cells exhibiting at least 11 action poten- 10 2404
tials during the depolarizing pulse, the i
slope of decrease in the mean frequency L L DL B L o171 1
calculated from the third to the 11th inter- 2 4 6 8 10 0 100 200 300

spike number showed no statistically sig-
nificant difference before and after
application of E-4031 (Fig. 2C). The firing
frequency increased with the strength of
the depolarizing current and reached a
saturating value of ~45 Hz at depolariz-
ing currents >200 pA (Fig. 2D). This
maximal frequency was not influenced by
E-4031. In conclusion, erg current in Pur-
kinje cells of neonatal mice shifted the
threshold potential to more positive
membrane potentials and decreased the frequency of action po-
tential firing without inducing accommodation. The afterhyper-
polarization (AHP) of action potentials elicited with 3 ms
depolarizations was determined from the potential difference be-
tween the resting potential and the peak hyperpolarization fol-
lowing a single action potential. The AHP did not change
significantly in the presence of E-4031 (control, —5.8 = 1.0 mV;
in the presence of E-4031, —5.0 £ 1.0 mV; n = 7, p > 0.05). Sacco
etal. (2003) also found no effect of the erg current on the AHP in
Purkinje cells.

Erg current activation within the subthreshold potential range
was investigated with a ramp protocol. The measurements were
performed in 5 mm K ¥ ACSF containing a low Ca®" concentra-
tion (1 mm) for a better isolation of erg current (Fig. 3A). E-4031
application induced a steeper slope of depolarization, a more
negative threshold potential, and a strong increase in action po-
tential frequency. The steady-state voltage during the ramp
reached values close to —20 mV. Therefore, action potential gen-
eration was abolished due to Na™ channel inactivation. To mea-
sure the erg current activated by the ramp pulse, we used the
ramp-induced membrane depolarization and the superimposed
sequence of action potentials (Fig. 3Aa) as a potential template
(Fig. 3B) in voltage-clamp recordings (action potential clamp)
before and during application of E-4031. Each potential template

Figure 2.

Interspike number

Depolarizing current (pA)

Blockage of erg currents increases Purkinje cell excitability. A, Repetitive activity elicited with a 100 pA depolarizing
current of 500 ms duration before (Aa) and after (Ab) application of 5 um E-4031. B, Phase plane plot used to determine the
threshold potential. The head of the continuous arrows indicates the threshold potential of the first action potential. The head of
the interrupted arrow indicates the mean of the threshold potential of the remaining action potentials (Bay). After application of 5
umE-4031, the threshold potential of the first action potential as well as of the remaining action potentials attained more negative
membrane potentials (Bb). €, IFF measured in 12 neurons before (gray points) and during (black points) application of E-4031
(means == SEM). Thefirst 11 action potentials were evaluated. D, Mean firing frequencies of repetitive activity elicited with 500 ms
current pulses of increasing amplitude (**p << 0.01, ***p << 0.001; n = 24).

elicited a slowly activating steady-state current and, during the
action potentials, transient inward and outward currents (Fig.
3C). Subtraction of the current response obtained in the presence
of E-4031 from the control current revealed a slowly increasing
E-4031-sensitive current reaching an amplitude of ~40 pA (Fig.
3D). The mean current density of the E-4031-sensitive current
was 0.43 = 0.06 pA/pF (n = 5).

Biophysical properties of erg currents in Purkinje cells

The observed E-4031-induced changes in the threshold potential
and frequency of action potential firing of Purkinje cells indicated
that the erg current activated near the resting potential of ~—60
mV. The negligible E-4031 influence on accommodation sug-
gested that the gating kinetics of the Purkinje cell erg current were
fast. To measure the biophysical properties of the erg current, we
performed voltage-clamp experiments in Purkinje cells in acute
slices from the cerebellum of P5-P10 mice, i.e., the same age at
which the current-clamp experiments were performed. To in-
crease erg K channel conductance, we raised the extracellular
K * concentration to 40 mM (Shibasaki, 1987; Sturm et al., 2005).
In addition, the ACFS was prepared without Ca®" to prevent the
activation of voltage-dependent Ca®" currents and Ca’*-
activated K™ currents. The holding potential was set to —80 mV
to deactivate all erg channels before investigating the voltage de-
pendency of erg current activation (Fig. 4). To allow for the slow
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Aa B .. ..
1 control Potential
on- template
o 20 20
£
40 - U
-60 -
Ab 04 Membrane
currents
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>
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E-4031-sensitive current

T
0.8

Time (s)

Figure 3.

T T T

T
0.2 0.4 0.6 0.8 1.0

Time (s)

Action potential clamp reveals erg current activation during a ramp pulse. A, Recordings of action potentials elicited with a ramp pulse before (Aa) and during (4b) application of 5 um

E-4031. A Purkinje cell was depolarized by injecting a 1s ramp pulse from 0 to 200 pA followed by a 200 ms constant current injection of 200 pA (see pulse protocol beneath membrane potential
recording of Ab). Dashed lines indicate threshold potential. B-D, Action potential clamp. B, The membrane potential changes shown in Aa were used as a potential template. €, Superimposed
membrane currents recorded before (gray) and during (black) application of 5 m E-4031. Outward and inward currents were cut at 400 and 0 pA, respectively. D, E-4031-sensitive current obtained

by subtracting the current trace recorded in the presence of E-4031 from the control.
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were applied. Each test pulse was preceded
by a 2 s prepulse to 20 mV to ensure full
erg channel activation (see pulse protocol
in Fig. 5) (Hirdes et al., 2009). Test pulses
more negative than —60 mV elicited
membrane currents consisting of an ini-
tial transient erg current and a subsequent

E-4031-sensitive current

e

e

Figure 4.

T
-60

Prepulse potential (mV)

Voltage-dependent activation of Purkinje cell erg current. A, B, Membrane currents recorded before (4) and during

40 20 0 large h current. After blockage of erg cur-
rents by E-4031 (Fig. 5B), the E-4031-
sensitive currents were obtained (Fig. 5C).
From exponential fits to the transient erg
currents elicited with potential steps be-
tween —60 and —90 mV, the time con-
stants of recovery from inactivation (7,..)
and deactivation (74, Fig. 5D, E; Table
3) were determined. Deactivation of cur-
rents elicited with potentials between

—100 and —120 mV were well described

(B) application of 5 pm E-4031. Extracellular solution, 40 mu K ™. From a holding potential of —80 mV, potential steps of 5 s
duration were applied from —80 to 40 mV in 10 mV intervals (see A, pulse diagram). Ca, E-4031-sensitive current obtained by
subtracting the membrane currents shown in B from those in A. Cb, Enlarged erq tail currents measured at — 100 mV. D, Peak tail
current amplitudes (Cb, I) were normalized, plotted against prepulse potentials, and fitted with a Boltzmann function (V, , =

with the sum of two exponential functions
revealing a fast and a slow component of
deactivation (Fig. 5E). The time course of

—441mV, k=48mV;n=7).

time course of erg channel activation, 5 s depolarizing test pulses
were used (Wang et al., 1997; Schonherr et al., 1999). Membrane
currents were elicited with potentials between —80 and 40 mV in
steps of 10 mV followed by a negative step to —100 mV to evoke
tail currents. The time course of the tail currents revealed the erg
current hook, which is characteristic for erg currents and due to
fast recovery from inactivation and slow deactivation. Tail cur-
rent amplitudes were normalized, mean values were plotted
against test pulse potentials, and a Boltzmann function was fitted
to the data points to obtain the activation curve. The erg current
commenced to activate near —60 mV and reached 50% of its
maximal amplitude near —44 mV (Fig. 4D; Table 3).

We used a deactivation protocol to determine the voltage-
dependent kinetics of recovery from inactivation and deactiva-
tion of Purkinje cell erg currents. From a holding potential of
—20 mV, 1 s test pulses from 40 to —120 mV in steps of 10 mV

erg current activation at 20 mV was deter-

mined by an envelope-of-tail protocol

(Wang et al., 1997). From a holding po-
tential of —80 mV, the membrane potential was stepped to 20 mV
to activate the erg current. Gradual prolongation of this depolar-
ization increased the amplitude of the erg current elicited by the
hyperpolarizing step to —100 mV. A single exponential function
was fit to the increase of the normalized tail current amplitudes,
yielding the time constant of erg current activation at 20 mV (7=
53.7 £9.5ms;n = 5).

Biophysical properties of erg currents in Purkinje cells
resemble those of ergl and erg3 currents

Purkinje cells express all erg channel subunits, both at the mRNA
and protein level (Saganich et al., 2001; Papa et al., 2003; Guasti et
al., 2005; Hagendorf et al., 2009). We therefore compared the
time-dependent and voltage-dependent properties of the native
erg current with currents mediated by ergla, erglb, erg2, and



16734 - ). Neurosci., October 16, 2013 - 33(42):16729 16740

Table 3. Biophysical properties of erg currents”

Niculescu et al. @ Erg Channels in Purkinje Cells

7(ms), recovery % of maximum

from inactivation 7(ms), deactivation Activation curve erg current activation
erg current at —100 mV at —100 mV n Vo5 (mV) k(mV) n during ramp pulse n
r-ergla 43+09 79.5 =309 3 —419=*3 52=+05 3 3010 8
r-erg1b 33+09 146 =15 5 —254*17 7709 6 37108 9
r-erg2 59+03 533+ 40 4 —20*=20 59+07 6 1.8 £0.5 5
r-erg3 21*05 169 = 1.9 4 —442 +18 42£06 7 150 = 4.0 9
erg Purkinje cells 3005 228*32 6 —443 £ 04 49+ 0.6 7 ~17 7

“Biophysical properties of heterologously expressed erg currents and native erg currents measured in Purkinje cells of neonatal mice (P5—P10). All measurements were performed in an extracellular solution containing 40 mmK ™.

erg3 channels expressed in vitro under A
similar conditions, i.e., at 40 mM extracel-
lular K™ and no Ca*™. Figure 6A shows

C E-4031-sensitive current

that activation curves of ergla and erg3

currents superimposed with the activa-
tion curve of the native Purkinje cell erg
current, whereas the erglb and erg2 ones
were shifted by ~20 and >40 mV to more
positive potentials, respectively (Table 3).
The time constants of recovery from inac-
tivation and deactivation of native Pur-

20mv
kinje cell erg current resembled those of U R
erglb and erg3 currents. The time con-

stant of Purkinje cell erg current activa- B

tion at 20 mV was 54 ms (see above), a = 4bad

value smaller than those previously deter-

T rec (Ms)

\ 1

' T T T T T T 1
|l -120 -110 -100 90 -80 -70 -60
Test pulse potential (mV)

1000+

mined for heterologously expressed erg rE — Iy

currents under similar experimental con-
ditions (erg3, 95 ms; erglb, 106 ms; ergla,
215 ms; erg2, 821 ms; Hirdes et al., 2005).
Together, the biophysical properties of
Purkinje cell erg currents resembled most
closely ergl and erg3 currents. The devia-
tions of Purkinje cell erg currents from
those mediated by heterologously ex-
pressed homomeric ergl and erg3 chan-
nels could be due to the formation of
heteromeric ergl/erg3 channels or of ergl
channels modified by ancillary subunits
or post-translational modification.

Since in Purkinje cells action potential
recordings and action potential clamp experiments were done in
ACSF containing 5 mM K and 2 or 1 mm Ca*™, respectively,
we performed voltage-clamp experiments in Ringer’s solution
containing 1 mm Ca*" to obtain steady-state activation and in-
activation curves of ergla, erglb, erg2, and erg3 channels. Steady-
state inactivation of erg channels was determined with the
protocol described in the legend to Figure 6. The activation
curves measured in 5 mM Ringer’s solution were shifted to more
positive membrane potentials compared with those measured in
40 mm K™ (Fig. 6B; Wang et al., 1997; Sturm et al., 2005). Super-
imposing erg3 and ergla activation and inactivation curves
showed that the erg3 window current ranged from —60 mV to
positive membrane potentials. In contrast, the ergla window cur-
rent was much smaller and located at more positive membrane
potentials. Activation and inactivation curves of erg2 and erglb
were not included in Figure 6B, since their window currents were
smaller than those of ergla currents and located at even more
positive membrane potentials.

To measure the erg current elicited by a train of action poten-
tials, we stimulated Purkinje cells and HEK293 cells transiently

Figure 5.

...................... .
g ) ¥
r ~ 10048 ¥
3 E ¥
e ¥
J ¥ ¥ A T deac slow
104¥ ¥ T deac fast

420 110 -100 90 -80 -70 -60
Test pulse potential (mV)

Voltage dependence of erg current kinetics in Purkinje cells. A, B, Membrane currents recorded with the pulse
protocol shown in the inset before (4) and during (B) application of E-4031. C, E-4031-sensitive currents obtained by subtracting
the currents in the presence of E-4031 (B) from control currents (A). Erg currents as shown in C were fitted with the sum of two or
three exponential functions. D, E, Time constants of recovery from inactivation (,

e and time constants of the fast (74, f,s) and

SIOW (Tyeac, s1ow) COMpONENt of erg current deactivation were plotted against test pulse potential.

expressing one of the four erg channel subunits with the action
potential template of Figure 3B. The currents shown in Figure
7B—F are E-4031-sensitive currents and the arrows indicate the
point in time at which the erg current of the Purkinje cell started
to activate (Fig. 7B). In Purkinje cells, the potential template
activated the erg current within the subthreshold region and
reached a final amplitude of 30 = 3 pA (n = 5). Ergla and erglb
currents activated with a delay (Fig. 7C,D, arrows), i.e., at su-
prathreshold potentials and erg2 currents remained very small
during the whole ramp-like pulse (Fig. 7E). In HEK293 cells ex-
pressing erg3 channels, the erg current activated near threshold
and reached a large steady-state current (340.9 = 88.9 pA; n = 9;
Fig. 7F). Since absolute erg current amplitudes recorded in tran-
siently transfected HEK293 cells are difficult to compare, we cal-
ibrated erg channel expression by determining the percentage of
maximal erg current that each of the four erg currents attained
during the ramp pulse. The maximal erg current of each type of
erg channel was determined from the erg tail current amplitude
elicited with the —100 mV pulse of the activation protocol (Fig. 4;
data not shown). The highest percentage was determined for erg3
(15 = 4%; n = 9), much smaller percentages were measured for
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A B shows that within this potential range
1.0 1.0 only erg3 channels can be activated. In ad-
. dition, the erg3 activation curve shows
c 0.8 € 0.8 . .
2 g that, upon a depolarization to —40 mV,
3 06 .Z,:; 0.6 = erg3 ~20% of the maximal erg current would
I 8 —A—ergla be activated.
g 0.4 O erg3 é 0.4 -
2 02+ @ ::31: 2 02 Blockage of the erg current in Purkinje
o o erg2 cells by erg channel-specific toxins
— T o m e To investigate the subunit composition of
-80 -60 40 20 0 20 40 80 -60 -40 -20 0 20 40 60 erg channels in Purkinje cells of neonatal
Prepulse potential (mV) Potential (mV) mice, we tested their sensitivity to two tox-
Figure 6.  Comparison of biophysical properties of native and heterologously expressed erg currents. A, Voltage dependence of ins, the scorpion toxin BeKm-1 (Korolkova

erg current activation, external solution, 40 mm K . Measurements were made in Purkinje cells and in HEK293 cells following
transient transfection of erg1a, erg1h, erg2, or erg3. Activation protocol as in Figure 4. Bolzmann fits to the mean values of the
activation curves yielded V/;,, and k values as given in Table 3. B, Voltage-dependent activation and inactivation recorded in
HEK293 cells transiently transfected with erg1a or erg3. External solution, 5mmK *, 1 mm Ca* Activation protocol as in Figure
4. Bolzmann fits to the mean values of the activation curves yielded the following V/; , and k values, respectively: erg3 (—30.3mV,
6.2mV; n = 6), ergla (—13.5mV, 6.7 mV; n = 6). Inactivation curves were measured in the same external solution using the
following pulse protocol: from a holding potential of —20 mV, a 10 ms (erg1a) or 5 ms (erg3) pulse to — 100 mV was followed by
100 ms potential steps from — 100 to 70 mV in steps of 10 mV. Steady-state inactivation for each potential was determined from

the ratio of the steady-state and initial peak current.

et al,, 2001) and the sea anemone toxin
APETx1 (Diochot et al., 2003). In HEK293
cells expressing ergl, erg2, or erg3 channels,
BeKm-1 (100 nm) reduced the peak erg tail
currents by 50 = 4% (ergla; n = 5), 100%
(erg2;n = 6),and 33 = 2% (erg3; n = 5; Fig.
8A—C). The time course of recovery from
current reduction induced by BeKm-1 was
similar in ergl and erg3 channels (ergla:
Torg = 10.3 £ 2.55n = 5;erg3: 7,4 =10.1
2.5 s; n = 5). In contrast, recovery from
BeKm-1-induced blockage of erg2 current
was very poor in three experiments and very

slow in one experiment (7. = 370 s), simi-
lar to the time course recently published
(7o = 330 s; Restano-Cassulini et al., 2006).
APETx1 (1 uM) reduced the peak erg tail
current amplitudes by 25 = 2% (ergla; n =
15), 15 = 2% (erg2; n = 7), and 3 = 2%

(erg3; n = 5; Fig. 8A—C). These effects of
BeKm-1 and APETxI on ergl-3 currents
were similar to those previously published
(Restano-Cassulini et al., 2006). With acute
slices obtained from the cerebella of P7 mice
BeKm-1 (100 nMm) blocked the E-4031-
sensitive current by 53 = 8% (SEM; n = 3).
The time course of wash-out of the toxin-
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Figure7.

ratergla (C), erglb (D), erg2 (E), or erg3 (F).

ergla (3 = 1%; n = 8), erglb (3.7 = 0.8%; n = 9), and erg2
channels (1.8 * 0.5%; n = 5). Since it was not possible to reliably
isolate the native erg current from the other conductances in 5
mm K ACSF, we used an ACSF containing a slightly higher
external K* concentration (8 mm). The maximal current ampli-
tude in this solution was 173 = 19 pA (n = 7). Taking into
account that the erg K* conductance is slightly larger in 8 mm
compared with 5 mm K* ACSF, the relative native erg current
amplitude was at least 17%, a value similar to 15% obtained for
erg3 channels (see above). These data indicated that, at a physi-
ological external K concentration, erg3 channel subunits are
important components of the erg channels mediating the steady-
state erg current activated by the ramp-like pulse in Purkinje
cells. The small erg current shown in Figure 3D was elicited with
the depolarizing ramp pulse from —60 to ~—40 mV. Figure 6B

Time (s)

A, Erg currents elicited with the action potential template (same template as in Aa of Fig. 3). External solution, 5 mm
K™, 1mmCa®". B—F, E-4031-sensitive currents obtained by subtracting the currents elicited with the potential template shown
in Ain the presence of E-4031 from control currents. E-4031-sensitive currents of a Purkinje cell (B), HEK293 cell transfected with

induced current reduction was relatively
fast (7, = 36 £ 14s;n = 3). Application of
APETxI (1 uM) in the slice experiments re-
duced the native E-4031-sensitive current
by 22 * 4% (n = 3). The data clearly ex-
cluded homomeric erg2 and erg3 channels
and suggested that the native erg channel is
predominantly composed of ergla sub-
units. The faster gating kinetics, however, argue for the formation of
heteromeric ergl/erg3 channels, unless they are evoked by other
modifications of ergla channels. Therefore, we also studied the effect
of BeKm-1 and APETx1 on ergl/erg3 channels transiently expressed
in HEK 293 cells as ergl/erg3 concatemers (Wimmers et al., 2002).
BeKm-1 (100 nm) reduced the ergl/erg3 current by 56 * 4% (n = 5)
and APETx1 (1 uMm) by 21 * 2% (n = 5; Fig. 8D). Obviously, the
currents mediated by homomeric ergla and concatemeric ergl/erg3
channels were reduced by the toxins to the same degree.

Erg channel expression in the cerebellum

In the cerebellum of the adult mouse, all erg channel subunits are
strongly expressed in Purkinje cells and in neurons of the deep
cerebellar nuclei; moderate expression occurs in Golgi cells, while
other cerebellar neurons show very weak expression (Guasti et al.,
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2005). Using RT-PCR, we found that all
genes (ergla, erglb, erg2, erg3) are also
expressed in the cerebellum of the neona-
tal mouse (P6). We then performed qPCR
with cDNA obtained from cerebella of six
neonatal mice, and the transcript abun-
dance of each erg subunit was determined
relative to that of pgkl and Tfr as refer-
ence transcripts. After determination of
mRNA abundance of each erg channel D
subunit relative to the reference genes, the
expression level of each erg mRNA was
expressed in percentage of the total erg
transcript content. Table 4 shows that
ergla plus ergla-uso contributed ~50%,
the next abundant transcript was erg2,

ergla
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1nA|_
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and ~14% of the total erg mRNA abun- 50ms

dance was covered by erg3 transcripts.
Erglb and erglb-uso were expressed at a
very low level. The results show that all erg
subunits are present in the mouse cerebel-
lum. Obviously, erglb is of much lower
importance in the mouse cerebellum than
in the human heart (Larsen and Olesen,
2010). Since a contribution of erg2 chan-
nel subunits is very unlikely due to the
results of the toxin experiments and the biophysical properties of
the native erg current (Table 3), the native erg current could be
mediated by heteromeric ergl/erg3 or modified ergla channels.
In the human heart, the HERG1a-uso transcript content is twice
that of HERGla (Kupershmidt et al., 1998). Assuming a similar
ratio in the mouse cerebellum, the total transcript content for a
channel-forming ergla subunit would decrease considerably.

To investigate whether the transcript abundance of the differ-
ent erg channel subunits changed during development, we per-
formed qPCR in six cerebella of 7-week-old mice. As in the
cerebella of neonatal mice, we determined the transcript abun-
dance of erg channel subunits in relation to that of pgkl and Tfr.
These two genes were chosen as reference genes because they are
stably expressed during development of the mouse cerebellum
(Boda et al., 2009). Table 4 shows that the transcript abundance
of erg3 subunits significantly decreased by ~50%, whereas the
relative transcript abundance of ergla plus ergla-uso, erglb plus
erglb-uso, and erg2 did not change during development. The
decrease in erg3 channel subunit expression during development
underlines its possible importance for the formation of neonatal
erg channels.

Figure 8.

curve).

Simulation of the effects of ergla and erg3 conductance on
repetitive activity

We further investigated the role of subthreshold erg currents for
Purkinje cell repetitive activity in a computer simulation using
the KGR Purkinje cell model (Khaliq et al., 2003; see Materials
and Methods). The control simulation represented repetitive ac-
tivity (38 Hz) of a Purkinje cell elicited with a 500 ms depolarizing
pulse in the absence of erg channel conductance (Fig. 9, top). In
this simulation, no accommodation was present, reproducing the
repetitive activity of a Purkinje cell recorded in the presence of
E-4031 (Fig. 2Ab). Addition of erg3 conductance nicely repro-
duced the observation of Figure 2A that the erg current in Pur-
kinje cells of neonatal mice reduced the frequency of action
potential firing (30 Hz) without inducing accommodation.
Throughout the 500 ms depolarizing pulse, the interspike inter-

50 ms 50 ms

The toxins BeKm-1 and APETx1 reduced the currents mediated by erg1a and ergTa/erg3 concatemers to a similar
degree as the erg current of Purkinje cells. A-D, BeKm-1 (100 nm) or APETx1 (1 rum) were applied to HEK 293 cells stably expressing
erg1a, erg2, erg3, or concatemeric erg1a/erg3 channels. E, erg currents measured from Purkinje cells (PN) in acute slices of the
cerebellum of P7 mice. In all panels, erg currents were elicited in the absence (black traces) and in the presence (red traces) of the
toxins and superimposed. Pulse protocol: from a holding potential of —70 mV, a sequence of membrane potential steps was
applied to +20 mV (2's), —20 mV (0.5 s), —120 mV (0.5 s), and back to the holding potential. The time course of the
hyperpolarization-activated cation channel current was fitted with an exponential function and extrapolated to t = 0 (dotted

Table 4. Expression of erg channel subunits in the cerebellum of P6 and 7-week-old
mice’

P6 mice W7 mice

Relative expression Relative expression
Gene level (%) n level (%) n op
ergla +ergla-uso 484 *= 3.1 6 51.0 + 2.6 6 0.589
erglb + erg1b-uso 22+06 6 3.0 =07 6  0.699
erg2 353+25 6  387*x25 6 0244
erg3 14.1 % 0.6 6 73£06 6  0.002

“Quantitative RT-PCR: transcripts of erg subunit expression levels were normalized to the expression level of the
reference gene pgkT for P6 and adult (7-week-old) mice. The sum of all expression levels was set to 100% for both,
P6 and 7-week-old mice, and the content of each gene in percentage of the total erg gene expression was calculated.
Erg subunit expression levels of cerebella from P6 and 7-week-old mice (W7) were analyzed using ANOVA followed
by the nonparametrical Mann—Whitney U test. Significance levels were adjusted by Bonferroni post hoc correction.
Similar results were obtained with the Tfr as reference gene.

vals remained constant, and the amplitude of the erg3 pacemaker
currents and those elicited by the modeled action potentials did
not change (Fig. 9, right). By contrast, addition of ergla conduc-
tance to the model decreased action potential firing and induced
a pronounced accommodation, which is not observed in neona-
tal Purkinje cells. The duration of the interspike intervals succes-
sively increased until the threshold potential could no longer be
attained. Due to the slow time course of ergla current deactiva-
tion, its amplitude continuously increased during the depolariz-
ing pulse, thereby increasing the threshold potential (Fig. 9, lower
left). Interestingly, this simulated accommodation was reminis-
cent of that seen in an adult Purkinje cell (Sacco et al., 2003, their
Fig. 9C). In summary, combined results of electrophysiology,
toxin pharmacology, qPCR, and simulation make it very likely
that the native erg current in neonatal Purkinje cells is mediated
by heteromeric ergl/erg3 channels or modified ergl channels.

Activation of mGluR1 inhibits erg current

Electrical Purkinje cell activity is modulated by activation of
mGluR1 (Yamakawa and Hirano, 1999; Hartmann et al., 2008).
Apparently, the modulation involves erg channels. Application of
the mGluR1 activator DHPG decreased the maximal erg current
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Figure 10.  Inhibition of erg current in Purkinje cells by mGIuR1 activation. A, Superimposed
erg tail currents (E-4031-sensitive) recorded at — 100 mV before (gray current trace) and during
(black current trace) application of 50 wum DHPG in 40 mm K ACSF. Activation protocol as
shown in Figure 4. B, Means of the peak tail currents normalized to the control before (gray) and
during (black) application of DHPG plotted against prepulse potential. Fits of the data by Boltz-
mann functions yielded the following: V, ,, = —41.3mV,k=7.2mV;n = 4 (control) and V, ,
= —30.04mV, k = 11.4 mV (DHPG; p < 0.05 paired 2-tailed ¢ test, n = 4). Dashed curve,
Normalized activation curve in the presence of DHPG.

to 54 = 2% (n = 4; Fig. 10A) and shifted the activation curve to
more positive potentials by ~10 mV (controls, V,,, = —40.8 =
3.4 mV, k = 6.6 = 1.1 mV; in the presence of DHPG: V,,, =
—285 *45mV, k= 11.6 = 3 mV; p < 0.05, n = 4; Fig. 10B).
Both effects sum up to an erg current reduction of ~70%.
DHPG activation of mGluR1 induces a biphasic current re-
sponse consisting of a transient and a steady-state component
(Yamakawa and Hirano, 1999). The transient component is me-
diated by TRPC3 channels, since it is abolished in mice deficient
of TRPC3 channels (Hartmann et al., 2008). As yet, the ion cur-
rents mediating the steady-state component are not known. To
investigate a possible involvement of the erg current in the
maintenance of the steady-state component the holding

erg3

WV

Simulations studying the effects of erg1a and erg3 channel conductance on Purkinje cell repetitive activity. Simula-
tions were made with the NEURON software (Hines and Carnevale, 1997). Purkinje cell model was taken from Khaliq et al. (2003)
(see Materials and Methods). Top, Repetitive activity elicited with a depolarizing current of 11 pA (Control, no erg). Bottom left (+
ergla), Action potentials (upper part) and ergTa currents (lower part) of Purkinje cell model after incorporation of ergTa conduc-
tance into the control model. Bottom right (+ erg3), Action potentials (upper part) and erg3 currents (lower part) of Purkinje cell
model after incorporation of erg3 conductance into the control model (+ erg3). Rate constants of ergTa and erg3 current activa-
tion and inactivation were determined in voltage-clamp experimentsin HEK293 cells expressing either erg1a or erg3 channels (see
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potential was clamped to —40 mV to
increase the erg outward current (extra-
cellular solution contained 2.5 mm KCl
and no Ca*™"). Application of DHPG elic-
ited a biphasic response, characterized by
a slow transient component (lasting ~50
s) and a steady-state component, very
similar to the observation by Yamakawa
and Hirano (1999; Fig. 11A). The DHPG-
induced steady-state component was
changed very little upon subsequent ap-
plication of E-4031 (—0.03 = 0.03 pA/pF,
n = 5; Fig. 10B). In contrast, initial appli-
cation of E-4031 changed the steady-state
outward current by —0.62 = 0.07 pA/pF
(n = 13; p < 0.001, unpaired t test; Fig.
11C). When DHPG application followed
that of E-4031, the elicited transient in-
ward current was still present, whereas the
steady-state current was almost absent
(—0.11 £ 0.01 pA/pF, n = 5; Fig. 11C). In
contrast, the DHPG-induced steady-state
current component in the absence of
E-4031 was significantly larger (—0.70 =
0.15 pA/pF, n = 5, p < 0.01, unpaired ¢
test) and very similar to the change in-
duced by E-4031 alone (Fig. 11D). These
results indicated that erg channels medi-
ate at least part of the steady-state current
component of the mGluR1 response. The mean peak amplitude
of the DHPG-induced current was —1.0 = 0.2 pA/pF (n = 5).
Similar experiments as shown in Figure 11C were performed
under current-clamp conditions. In a solution containing 2.5 mm
K™, 3mmMg>", and no Ca**, the resting potential was adjusted
to —40 mV by injecting depolarizing current. After application of
E-4031 (5 um), the membrane potential depolarized by ~9 mV
(9.3 = 1.5; n = 6) to a steady-state value. Subsequent DHPG (50
M) application elicited a transient depolarization (6.9 + 2.1 mV;
n = 4) on top of the E-4031-induced steady-state depolarization
(data not shown). These experiments demonstrated that the
DHPG-induced reduction of the erg outward current measured
—40 mV (Fig. 11) could be detected under current-clamp con-
ditions as a depolarization. At the resting potential of ~—60 mV
and in the presence of physiological external Ca®", the erg out-
ward current is presumably smaller than at —40 mV. Neverthe-
less, the on-cell recording of Figure 1 proves that at the resting
potential a sufficient amount of erg current is activated to sup-
press Purkinje cell excitability. During the steady-state compo-
nent of the DHPG response, cell excitability was increased (Fig.
11E-G). In the absence of DHPG, a depolarizing 100 pA current
injection elicited an initial action potential followed by slow
membrane potential oscillations. After application of DHPG (50
uM) for >200 s, the same depolarizing current elicited repetitive
activity, i.e., the threshold potential was significantly decreased.
Subsequent application of E-4031 (5 uM) in the continued pres-
ence of DHPG did not induce a further significant change in the
threshold potential (control threshold potential: —38.7 = 0.9
mV;inthe presence of DHPG: —41.7 £ 0.4 mV;n = 5;p = 0.017;
in the presence of DHPG plus E-4031: —42.9 * 0.6;n = 6;p =
0.130, ¢ test). In the presence of TTX, we investigated whether
DHPG had changed the input resistance. From the membrane
potential change induced by a 100 pA depolarizing current, we
found that the input resistance significantly increased in the pres-
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Erg current contributes to the DHPG-induced biphasic current response. A-D, Purkinje cells were voltage-clamped at —40 mV. External solution, 5 mm K * without Ca ™. 4,

Application of DHPG (50 M, gray bar) induced a biphasic current response. B, Application of E-4031 (5 ) during the sustained current component (black bar) did not change the current. €,
Application of E-4031 decreased a sustained outward current. Subsequent application of DHPG induced a transient current only. D, Mean amplitudes of the E-4031-sensitive current (black column;
n = 13), the peak amplitude of the transient, and the sustained current DHPG-sensitive component (black-and-white columns; n = 5; n.s., not significant; unpaired 2-tailed t test). -G,
Current-clamp recordings during the steady-state component of the DHPG response and ~200 s after DHPG (50 M) application. In the presence of DHPG, a depolarizing current injection (500 ms,
100 pA) from a membrane potential of —60 mV decreased the threshold potential and induced repetitive activity. Additional application of E-4031 (5 wm) induced no further significant change in
threshold potential and repetitive activity. The dotted line near —40 mV indicates the threshold potential determined with the phase plane plot.

ence of DHPG (control: 168 + 12 M{); DHPG: 192 * 12 M();
n = 5; p < 0.02). Subsequent application of E-4031 in the pres-
ence of DHPG increased the input resistance still further (220
MQ); see above).

Discussion

Purkinje cells of neonatal mice (P5-P10) contain a subthresh-
old current that is mediated by erg channels. Its blockage by
E-4031 decreases the threshold potential and increases the
frequency of action potential firing. The biophysical proper-
ties of the native erg currents resemble those mediated by
ergl/erg3 channels. The importance of erg channels with fast
gating kinetics like erg3 was corroborated by the results of
action potential clamp experiments and computer simulation.
Activation of mGluR1 by DHPG inhibits the native erg cur-
rent, thereby decreasing the threshold potential and increas-
ing Purkinje cell excitability.

The functional importance of fast erg channels in Purkinje
cells of neonatal mice

Ergl, erg2, and erg3 are differentially expressed throughout the
rat and mouse brain (Saganich et al., 2001; Papa et al., 2003;

Guasti et al., 2005). The two isoforms of ergl (ergla and erglb),
as well as erg2 and erg3 channel subunits, are expressed in Pur-
kinje cells and deep nuclei of the mouse cerebellum, whereas in
the other parts of the cerebellum erg channel abundance is low
(Guasti et al., 2005). All erg subunits are present in Purkinje cells
at the protein level (Guasti et al., 2005; Hagendorf et al., 2009).
The qPCR data show that in the cerebellum of neonatal mice
(Table 4) the transcript abundance decreases in the following
order: ergla > erg2 > erg3 > erglb.

Both, the scorpion toxin BeKm-1 and the sea anemone toxin
APETx1 blocked the native erg current to a degree similar to
heterologously expressed ergl channels and ergl/erg3 concatem-
ers. Together with the high mRNA abundance of ergla in the
cerebellum, these results suggest that the erg channels in Purkinje
cells of neonatal mice are predominantly composed of ergl chan-
nel subunits. But homomeric ergl channels cannot explain the
biophysical properties of the erg channels in Purkinje cells of
neonatal mice (Table 3), and it cannot explain the absence of
accommodation. Native erg channels are activated between —60
and —40 mV, i.e., within a potential range where ergla, erglb,
and erg2 channels are closed. A likely explanation is that erg
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channels in Purkinje cells correspond to heteromeric ergl/erg3
channels. Heteromeric erg channels acquire new biophysical
properties if compared with homomeric erg channels, e.g., ergl/
erg3 channels display faster gating kinetics and activate at more
negative potentials than homomeric ergla channels (Wimmers et
al., 2001, 2002). In the light of these observations, the data of
Table 3 support the possible functional importance of erg3 chan-
nel subunits for the formation of erg channels in Purkinje cells of
neonatal mice. Alternatively, Purkinje cell erg channels consist of
ergl channels, whose biophysical properties are modified by as-
sembly with ancillary subunits (Pongs and Schwarz, 2010) or by
other as yet unknown mechanisms.

The contribution of erg3 channel subunits to the formation of
native erg channels could explain the absence of accommodation
in neonatal Purkinje cells. It could also explain the shift in the
threshold potential of Purkinje cells to more depolarized poten-
tials, the increase of first spike-latency and the decrease in the
frequency of repetitive activity. Experiments using action poten-
tial clamp activated a small subthreshold erg current of ~40 pA,
which effectively slowed repetitive activity (Fig. 3). In HEK 293
cells expressing erg3 channels, an erg current of a similar relative
amplitude was elicited with the same action potential clamp
pulses, whereas the other erg subunits exhibited much smaller
current amplitudes. Incorporation of erg3 channel conductance
in the Purkinje cell computer model faithfully simulated the pro-
posed functional role of an erg current in which erg3 channel
subunits would be involved. In addition, the decrease in mRNA
abundance of erg3 channel subunits by 50% during development
supports their functional importance for neonatal erg channels.
Presumably, as a consequence of this, Purkinje cells of adult mice
exhibit pronounced accommodation during repetitive activity
(Sacco et al., 2003).

Although the transcript abundance of erg2 subunits is rela-
tively high, the biophysical properties of erg2 channels (activa-
tion curve shifted to depolarized potentials, slow gating kinetics)
are so different from those of native erg currents that it is unlikely
that they contribute to erg channels activated near subthreshold
potentials. This notion is also supported by the experiments with
BeKm-1 (see above). Interestingly, immunocytochemistry showed
that erg2 proteins are not only present in the soma but also in
the proximal dendrites, whereas ergla and erg3 proteins are
confined to the Purkinje cell soma (Guasti et al., 2005; Hagen-
dorf et al., 2009). However, it is not known which function
erg2 channels fulfill in the proximal dendrites. This is also true
for erglb channels. Since their relative expression in the cere-
bellum is low and their biophysical properties are so different
from those of native erg channels (shift of activation curve to
depolarized potentials), erglb channels may not play an im-
portant role for the formation of neuronal subthreshold erg
channels. This is in contrast to the heart, where erg2 and erg3
subunits are not expressed, and the concentration of erglb
transcripts relative to ergla is higher than in the cerebellum
(10-20%). Therefore, erglb and ergla subunits assemble to
form cardiac erg channels (Jones et al., 2004; Larsen et al.,
2008; Jonsson et al., 2012). In contrast to neuronal erg cur-
rents, cardiac ergla/erglb currents fulfill a clear suprathresh-
old function, i.e., they help to repolarize the heart action
potential (Sanguinetti and Tristani-Firouzi, 2006).

The increase in threshold potential upon erg channel opening
is induced by the increase in outward K™ current opposing the
Na inward current in the soma membrane as well as by the slight
decrease in input resistance. In Purkinje cells, the action potential
is generated in the distal part of the axon initial segment (AIS)
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because in the AIS the threshold potential is very low (Foust et al.,
2010; Palmer et al., 2010). Since soma and AIS are strongly elec-
trotonically coupled, the threshold potential in the AIS will be
influenced by electrotonic spread of the soma depolarization to
the AIS, similar to the electrotonic spread of the synaptic poten-
tials to the AIS. Future experiments will need to investigate the
hypothesis that activation of erg outward K * current delays the
electrotonic spread of soma depolarization to the AIS leading to
partial inactivation of Na channels in the AIS, and thereby in-
creasing the threshold potential.

Modulation of erg currents

Neuronal excitability can be modulated by a change in erg chan-
nel expression during development (Furlan et al., 2005; Hardman
and Forsythe, 2009) or upon sensory stimulation (Hagendorf et
al., 2009). Another possibility to change excitability is the inhibi-
tion of erg currents by activation of G-protein-coupled receptors.
Erg currents are inhibited in mitral cells of the olfactory bulb by
the mGluR1 activator DHPG (Hirdes et al., 2009), in lactotropes
by thyrotropin-releasing hormone (Bauer et al., 1990), and in
gonadotropes by gonadotropin-releasing hormone (Hirdes et al.,
2010). We show here that mGluR1 activation by DHPG effec-
tively inhibits the erg current in Purkinje cells. The reduction of
the maximal erg current amplitude by ~50% and the shift of the
activation curve to more positive membrane potentials by ~10
mV add up to an erg current inhibition of ~70%.

In Purkinje cells, activation of mGluR1 by DHPG induces a
biphasic current response consisting of a transient and a sus-
tained inward current (Yamakawa and Hirano, 1999; Hartmann
and Konnerth, 2009). Whereas the transient inward current is
mediated by TRPC3 channels (Hartmann et al., 2008), the sus-
tained current could be mediated by an erg current, as shown by
our experiments or, for example, by an Ca®"/Na™ exchanger
(Knopfel et al., 2000). Activation of mGluR1 by DHPG induces a
transient increase in the firing of action potentials due to the
activation of a transient inward current through TRPC3 channels
as well as a subsequent sustained increase in action potential
firing (Yamakawa and Hirano, 1999). At least part of this increase
in cell excitability is due to the reduction of the erg current, which
is sufficient to significantly decrease the threshold potential and
to elicit repetitive activity (see Fig. 11). Future studies will clarify
how mGluR1-induced erg channel inhibition may be involved in
processes related to Purkinje cell plasticity, such as long-term
depression.
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