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Introduction

1. Introduction

1.1 The Cerebellum

The cerebellum is a distinct component of the braialmost all vertebrates. Only lampreys
among vertebrates lack such a structure. In fisiphabians and reptiles the organization of
cerebellum differs in some respects from that adand mammals, but the characteristic big
cells that receive the sensory input and that ptdgea group of cells that provide the output
from cerebellum, are invariantly present (SultasBckstein, 2007). It has been known for a
long time that the cerebellum is involved in motmwordination, although some studies

suggest its involvement in certain cognitive preesstoo (Schmahmann, 1997).

1.1.1 The Organization of cerebellum

The cerebellum consists of a cortical sheet whmvers a white matter core. Buried within

the white matter are the cerebellar nuclei whiaene their gross input from the cerebellar
cortex. Neurons in the cerebellar nuclei, in twonstitute the output from the cerebellum,
and connect to structures in the thalamus and dismm The mammalian cerebellum consists

of three lobes: anterior, posterior and flocculalmar lobes (Sultan & Glickstein, 2007).

The cerebellar cortex is organized in three laymrd contains five major types of cells
(Figure 1). The layer closest to the white mattethe granule cell layer, made mostly of
small neurons (granule cells) that receive the wagority of the inputs to the cerebellum and
send their projections into the outermost layemmiog the parallel fibers. Mossy fiber
afferents target granule cells, and excite the iRjgkneurons indirectly; the parallel fiber
pathway causes the Purkinje neurons to dischargepls spikes” (conventional action
potentials). The mossy fibers are actually the axohneurons located in the spinal cord,
brainstem (especially the pons) and the cerebalisetf (Apps & Garwicz, 2005). Among the
granule cells, the Golgi cells can be found, what$o extend their dendrites into the outer,
molecular layer. The intermediate layer is maderd row of cells, the Purkinje neurons, the
most important cell type within the cerebellum. ¥hgot their name from the focentury
Czech physiologist and anatomist who first desdilleem (Jan Evangelista Purkinje).

1



Introduction

Purkinje neurons provide the only output from tleeetellar cortex. They have a massively
branched dendritic tree which extends to the sar&ddhe cerebellar cortex in a single plane,

transverse to the orientation of the cerebellaafol

The external layer, called the molecular layer bheeaof the numerous neural processes
present here, contains two major types of neurangat of an inhibitory system that
regulates the firing of Purkinje neurons: the baskal the stellate cells. In the molecular
layer the axons of the granule cells branch inaradteristic T-fashion and extend parallel to
the cerebellar folia (hence their name, paralled$) to contact the dendrites of the Purkinje
neurons. Since the dendritic arbor of Purkinje oesris perpendicular to the course of the
folia, the parallel fibers contact Purkinje neudmndrites at right angles. The other main class
of excitatory fiber making synapse of Purkinje raeww are the climbing fibers coming from
the inferior olive, a complex of sub-nuclei in thkentral part of the caudal brainstem. In
contrast to parallel fibers where many of them aonthe dendritic tree of the same Purkinje

cell, only one climbing fiber sends input to a givieurkinje neuron. But the contact is so

Purkinje cell
Parallel fibre
= | Molecular
layer
| Molecular
layer
=1 Purkinje Il
= cell layer Purkinje
= cell layer
: | Granular
% % o layer
‘ 19 = | Granular
| f A layer
| ' -y Granule cell
| # L =~ 7] Mossy fibre nuclear
| { ! cell )
Ste\late‘ \
cell Golgi cell dTé) thalagjus 4 4 -
Basket cell B CaSColNg From  ||From brain stem
o N motor tracts inferior |[nuclei and spinal cord
Purkinje cell axon Climbing fibre } olive

Figure 1. Basic structure of the cerebellar cortexThere are two main afferents to the cerebellarezo
climbing fibers, which make extensive excitatorytaxt with Purkinje neuron dendrites dgparallel fibers
which make discrete contacts to Purkinje neurorddtss. The parallel fibers are the axons of gramells
that receive excitatory inputs from mossy fiberslgbcells also receive synaptic inputs from mofikgrs.
In some cases, ¢hstem axons of climbing and mossy fibers alsoigeowollaterals to the cerebellar nuc
The ascending axons of granule cells branch inshaped manner to form the parallel fibers. With
exception of granule cells, all cerebellar cortioalrons,ncluding the Purkinje neurons, make inhibit:
connections with their target neurons. [from App&é&rwicz, 2005]
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extensive along the whole length of the dendritee t that climbing fibers generate a large
depolarizing event with the shape of a characteiirst of spikes known as a complex spike
(Apps & Garwicz, 2005). Another characteristic tygfesynaptic input is the one basket cells
give to Purkinje neurons. The axons of basket dalisich and form a cup-like structure

around the soma of Purkinje neurons.

The cerebellum receives input from many sourcesllimammals the flocculus receives its
major input from those sense organs that signabtitly’s position in space. In mammals the
great majority of the input to the cerebellum comes from the vestibular system or spinal
cord (as it happens in other vertebrates) but fthen cerebral cortex through the pontine
nuclei. Especially the motor areas send a massipet ito the pons, providing information
about all the motor commands given by the cortdre ajor output from the cerebellum is
to those structures controlling the movement ofdies, the limbs and the body as a whole.
Lesions of the cerebellum produce deficit in géite tuning of limb movements and the

smooth pursuit eye movements are lost (Sultan &kStein, 2007).

1.1.2 mGluRlI activation effects on Purkinje neurons

Cerebellum has a very organized structure, allntiagor cell types being present in various
compartments despite their different functionaligrement. Purkinje neurons have a central
function in information processing, and two exatgt synapses play a major role in
delivering information to them: climbing and paehlfibers. Two concepts have remained
central concerning the involvement of the climbifitger signals in the motor control. First,
that climbing fibers mediate motor error signalsl,apecond, that climbing fiber activity is
instrumental in the induction of synaptic plasticiinderlying motor adaptation and motor
learning. The importance of the cerebellum in trtancommands depends on the capacity
to constantly modify the input-output transformaso This includes synaptic plasticity
influencing transmission from parallel fibers torknje neurons and cortical interneurons.
An important factor regulating synaptic plasticisgem to be the interactions between
climbing fiber and parallel fiber inputs (Apps & Bacz, 2005).

The climbing fiber and parallel fiber synapses gltgamatergic synapses involving two main

classes of receptors: ionotropic (iGIuRs) and nwtapic (mGIluRs). Both types of fibers
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activate, at synapses on Purkinje neurons, iGlUiRiseoAMPA type (Llancet al, 1991), but
the role of mGluRs at these synapses is much lessrk although they are considered to be
involved in the generation of a slow postsynaptiteptial, in intradendritic G4 signaling

and in long-term depression (LTD; Konnedhal, 1992).

Initially it was thought that the postsynaptic digpization (EPSP, excitatory postsynaptic
potential) due to mGIuR activation can be seen atlyhe parallel fiber-Purkinje neuron
synapses by repetitive parallel fiber stimulatidkt. these synapses the most abundantly
expressed mGIuR is the mGIuR1, and the elicitecbldeization is thought to be due to the
release of Cd from the internal stores. The postsynaptic cugetitat generate the
depolarization have a smaller amplitude and a didinee course than those carried through
AMPARs (Tempiaet al, 1998). Besides from being functionally confinedRFs (parallel
fibers), the mGIluRs have also been shown to beeptet CF synapses on PNs (Dzubay &
Otis, 2002; Figure 2).

A Climbing Fiber
.’”__._A__.............‘.............,........_____.._.____.___.......__._.....__..... iipan

[t

B Parallel Fiber

I 50 pA

500 ms

Figure 2. EPSCs in Purkinje neurons induced by stimlating climbing and parallel fibers. (A) mGIluR1
EPSC in response to a short train of CF inputsr(&imuli at 20 Hz) in the presence of TBOA (glutte
transporter antagonist) at 34 °@®)(Response, recordeidom a nearby Purkinje neuron under the s
conditions, elicited by a train of 10 stimuli (108z) delivered to the PFs. The two responses
comparable amplitudes, but different time courfadapted after Dzubay & Otis, 2002]
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Although the mechanisms underlying the release af @om the internal stores after
activation of mGluRs are well established, the naeidms generating the slow EPSC are
only poorly understood. In 2004 Canepatial. have shown that the mGIuR1-EPSCs are
attributable to small-conductance, low-open prolitgbiCa’*-permeable cation channels.
From studies on KO mice it has been revealed tmatabsence of TRPC3 channels makes
impossible the generation of an EPSC by the apjoitaof DHPG, while the Ca release
from the intracellular stores remained unaffectédr{mannet al, 2008). More recently it has
also been shown that there is a functional coupliatyveen the mGIuR1 and the G4
T-type C&* channels present in Purkinje cell dendritic spifidédebrandet al, 2009).
Another interesting observation is that mGIuR1 \atton leads to a local increase in
intradendritic [N&]; that could be explained either by a’Nw into the dendrites through
unspecific cation channels, or by a“K@e&’* exchange (Knopfekt al, 2000). Apart from
influencing the synaptic transmission at excitategnapses, mGIuR1 is also regulating
GABAergic inhibitory synapses. Inhibition of mGluRitevented the long-term potentiation
of GABAAR responsiveness (termed rebound potentiation; \Rfreas its activation rescues

the RP induction from suppression by GABA(Sugiyamaet al, 2008).

1.2 Function of ion channels in Purkinje neurons

Many different ion channels have been characternizdeNs, amongst the voltage-dependent
and calcium-dependent potassium channels, calcilmannels, sodium channels and

unspecific cation channels.

One important feature of the neurons involved intanacoordination is that they are

spontaneously active. It has been suggested thattamsically active neuron can encode
information in its pacemaking. Information about vement, which is relayed by both

excitatory and inhibitory synapses, is encoded hykiRje neurons as rapid and transient
changes in their rate of spontaneous activity. Amel increase or decrease in individual
interspike durations from that of the intrinsic PEcemaker would give information, to the
deep cerebellar nuclear (DCN) neurons, relevamdtor coordination (Eccles, 1973). There
are many types of ion channels in neurons, regugdbie duration of APs and interspikes; and
compensatory mechanisms could be imagined if gme ¢ ion channel would be blocked, so

that the firing rate wouldn't be much affected. Hewer, the blockage of erg channels in
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medial vestibular nucleus neurons (MVNn; Pesgial, 2008) or of P/Q-type Gachannels
in PNs (Walteret al, 2006), disturbs the regularity of AP firing. & therefore relevant to
further consider the ion channels involved in gatieg APs, shaping them, generating and
terminating the bursts, and the propagation albegaixon of only the relevant information to

the DCN neurons.

Swensen and Bean (2003) have shown that the pist-spvard currents driving sustained
firing in Purkinje neurons are carried primarily By X-sensitive Na channels and T-type
C&* channels. The inward currents are opposed by i@gjeactivated and purely voltage-
activated K currents. The small net inward current has an énda of many times less than
that of each of the contributing currents; therefardiscrete change in the amplitude of any of
them could affect the timing of the action potelstidf a Purkinje neuron fires short burst, the
major difference between currents after the fimke and those after the second spike is a
significant reduction in the Nacurrent. Longer bursts appear when the SK chanmals
blocked by apamin or when &4ds replaced by M. It seems that even if the Naurrents
decline after the first interspike, they remairglenough to drive subsequent spikes at least

in the absence of BK and SK channels.

In Purkinje neurons it has been shown that somiecNannels have an unusual behavior: after
strong depolarizations, returning the membraneditages in the range of -60 to -20 mV
elicits a resurgent Nacurrent. The channels underlying the resurgerit dlarent are TTX-
sensitive and produce a transient current on a Isingigpolarization from rest. At a
mechanistic level, the resurgent current may remteecovery from inactivation proceeding
through open states of the channel. These unusoplerties are closely related to the
distinctive firing behavior of Purkinje neuronspesially the ability to fire multipeaked APs.
The sodium current that flows after one spike isugih to contribute significantly to the
afterdepolarization leading up to the second sff#a@man & Bean, 1997).

In mammalian neurons €acurrents are mediated via several voltage-gatkilica channels,
which include five high-threshold (L, N, P, Q andl &d low-threshold (T) types (Catterall,
2000). The P/Q-type G& channels mediate the predominant fraction of higlitage-
activated C& current in Purkinje neurons (Mingt al, 1992). Mostly dendritic (Rancz &
Hausser, 2006), the P-type current is responsiiiéhfe generation of Gaspikes, driving

Na'-C&* burst firing in Purkinje neurons (Mogt al, 2000). It also mediates &anflux
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during somatic Naaction potentials, activating big- (BK) and sm#8K) conductance G
activated K currents which drive afterhyperpolarizing poteistidAHPs; Edgerton &
Reinhart, 2003). The Purkinje neurons which hadugation in theu;a pore-forming subunit
of P/Q-type C& channels exhibited a smaller dendritic tree thanmal, indicative of
developmental retardation in these cells causedPHy-type C& channel malfunction
(Ovsepian & Friel, 2008). Pouillet al. (2000) proposed that the P/Q-type’Cehannels are
important for eliciting repetitive firing. Their &eation is able to increase the axonal {a
close to the site for fast AP initiation and whe@ef*-dependent K channels might be
activated (Callewaeret al, 1996). Interestingly, during P/Q-type Cahannel blockade,
membrane oscillations were induced or amplifiethvehg Purkinje neurons to fire in bursts.
This phenomenon could be determined by the suppresst a P/Q-type Ca channel-
mediated shunt of conduction that would prevent phepagation of low-threshold &a

spikes between dendrites and soma (Poetlk, 2000).

In the dendrites of rat Purkinje neurons predomtigaikiv3 subfamily K channels (Kv3.3
and Kv3.4) are present at a high density. Kv3 cusrdave rapid activation and deactivation
kinetics and inactivate partially. They requiregiardepolarizations to be activated, making
them suitable for shaping large depolarizing evevitde not disrupting smaller excitatory
postsynaptic potentials (Martina et al., 2003)islknown that action potentials in Purkinje
neurons repolarize rapidly (Martinaet al, 2003), but have no prominent
afterhyperpolarizations, consistent with largé ¢urrents with a rapid deactivation. It has
been shown that the predominant ¢urrent decays with a time constant < 1 ms (Ra&an
Bean, 1999).

The Kv3.3 channels are important for regulating slyeaptically evoked Purkinje neuron
complex spike, the massive postsynaptic responigetactivation of climbing fiber afferent.
Spikelet expression is regulated by somatic andogadendritic Kv3.3 channel activity, the
spikelets of a complex spike being generated inatk@somatic membranes (Dawe¢ al,
2008; Zagheet al, 2008). Climbing fiber activation seems then tgger the initiation of the
complex spike at the axosomatic membrane, busd tggers the prominent dendritic spikes,
which were believed for a long time to be respdesibr generating the complex spikes. In
turn it proves that the dendritic spikes reguldie pause in axonal output after the complex

spike, a well known feature of the climbing fibesponsén vivo (Davieet al, 2008).
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The hyperpolarization-activated cation currehf) (s known to be involved in synaptic
integration shortening the width of postsynaptiteptials and dampening the summation of
trains of inputs (Bergeet al, 2001). In the dendrites of Purkinje neurohsgexhibits a
uniform distribution in striking contrast to the iqgipal neurons of the cortex and
hippocampus (Bergest al, 2001; Angelcet al, 2007).1, shortens the time course of EPSPs,
reducing their half-width through a two-step pracesrst, the effect of static “resting”
conductance ol shortens the membrane time constant; and secbeddepolarization
deactivated;, which in turn hyperpolarizes the membrane acceteydhe decaying phase of
the EPSP (Angelet al, 2007).

In intact Purkinje neurons from mature mice, bdirshg occurs spontaneously as part of a
cycle of tonic, bursting and silent periods (Womd&cKhodakhah, 2002). Pouillet al.(2000)
proposed a model for switching between these thredalities. The firing mode would be
determined by the balance between depolarizing wxadces and CGadependent
hyperpolarizing conductances activated by Gantry through voltage-gated €ahannels.
During a current injection a sustained'Nanductance is activated allowing the membrane to
reach the threshold for the activation of fast-tivaating Na conductance initiating fast APs.
In the absence of external €dhe membrane potential rapidly reached the patefui N&
channel inactivation; therefore only a short baest be initiated, followed by a plateau. In the
presence of external €a C&" entry during the APs is thought to activate’Gdependent
hyperpolarizing conductances which maintain the brame potential between the activation
and inactivation threshold for the fast'Naurrents; and subsequent spikes can be initiated a
a sustained firing occurs. If these hyperpolarizounductances activate transiently to a
greater extent and bring the membrane potentiavbéhe threshold value for Nahannels,
then a bursting behavior is elicited (Poudgleal, 2000).

Contrary to what is generally accepted as a gemeeahanism for burst termination, another
mechanism was suggested, in which the SK and BKiraa are not important in burst
termination (Womack & Khodakhah, 2004). It was doded that the most important for
generation and termination are the P/Q-typ&" €hannels. The T-type €achannel and the
hyperpolarization-activated channels are also seemtial. The bursts appear to result from
the interplay between a progressively depolarizilgmbrane potential, on which somatic
Na'-dependent APs ride, and the dendritic**Capikes that terminate the bursts. Two

mechanisms could explain the generation and tetramaf the bursts: a “somatic” and a
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“dendritic” mechanism. The first proposes that ke initiated by somatic conductances
and terminated by dendritic €aspikes; the second is that bursts are both iaeiiaind
terminated by the dendritic €aspikes. In the “somatic” mechanism the*Cspike activates
when the progressive depolarization of the somaenbrane propagates and reaches the
threshold for its generation. In the scenario thasts are controlled entirely by the dendritic
Ccd"* spikes, it is possible that the foot of the*Cepikes causes the progressive depolarization
of the somatic membrane. One observation suppbets'dendritic’ mechanism: there is a
cyclical generation of dendritic €aspikes associated with bursting that remains after
elimination of somatic Nadependent APs (Womack & Khodakhah, 2004). It issjiale that
burst termination takes place when thé Gaike inactivates such a large fraction of thé Na
channels that the cell is incapable of generatimthér APs. Alternatively, it may be that the
large influx of C&" mediated by the Gaspike activates a substantial Konductance that
abruptly terminates the somatic bursts. Womack lihddakhah (2004) favor the former
possibility because although €activated K channels contribute to the interburst interval,
regular spontaneous bursting is not disturbed vidoth SK and BK channels are blocked. As
for the T-type C& current they propose that it contributes to defmwiley the membrane
toward threshold and initiation of the next burst.

As for the transmission of simple, complex spiked bursts to the Purkinje neuron axons and
further, it seems that there is not a one to otetio@ between somatic and axonal spikes
(Khalig & Raman, 2005; Monsivai®t al, 2005). Simultaneous somatic and axonal
recordings revealed that simple spikes propagatefdfly at physiological frequencies,
whereas calcium spikes do not. Individual spikelatshe complex spike do not propagate
faithfully, with only approximately half of the dglets propagating as axonal APs. One
explanation has been proposed for the existeneecoimplex spike at the somatic level that
actually doesn’t propagate faithfully along the ax®n one hand the large synaptic and
intrinsic conductances underlying the complex sgi&e provide a much more effective reset
of synaptic integration than a simple spike whicluld be relatively ineffective (Hausset

al., 2001); and on the other hand, the axonal dogbieked by the complex spike in the axon
Is associated with an interspike far shorter tmasimple spike trains, therefore constituting a
distinct signal to the downstream synapses andgbatnthe same time energy efficient
(Monsivaiset al, 2005).
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1.3 The Erg K channels

In humans, the K channel group consists of 78 members that canilided into four
structural types according to their mode of actoraind number of transmembrane segments
(Harmar et al, 2009): voltage-gated *Kchannels (K) with six transmembrane segments,
Cd*-activated K channels () with six or seven transmembrane segments, 2-gdre
channels (Kp) with four transmembrane segments and inwardlifygeg K™ channels (K)

with two transmembrane segments (Figure 3). Rodemntologues for almost all ‘Kchannel

members have been identified.

Ether-a-go-gerelated gene (erg) Kchannels (K11) belong to the voltage-gated Khannel
family which is the largest in this group comprigih0 members in humans, classified into 12
subfamilies (K1 to K,12). The first K, channel was cloned ibrosophilaand named&haker
after the phenotype of the mutant flies. Similaiticall mammalian K channels consist of
four a-subunits, each containing six transmembraelical segments (S1-S6) and a P-loop
(entering the pore), which are arranged to fornemtral pore. Within a subfamily, different
types of a-subunits can constitute a given channel; therefdfechannels can be either
homotetramers or heterotetramers. Each ion coraugtiore is lined by four S5-P-S6
segments. The four S1-S4 segments act as voltageorse each of them having four
positively charged arginine residues in the S4xhdlhe voltage sensor responds to changes
in the voltage across the membrane and functiors‘gate” through the S4-S5 linker (Wulff
et al, 2009).

10
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Voltage-gated K* channels (K,) Calcium-activated K* channels (Keo)

Inward rectifier K channels (K.) “Leak” K" channels

Figure 3. Structural types ofa subunits within the K™ channel group. The voltage-gated Kchannels
(Kv) and some Cdé-activated K channels (K, have 6 transmembrane segments (S), whereas Kgher
have an additional S domain. The inward rectifiérckannels (i) have 2 transmemane domains (M
and M2) and a pore (P) loop. The “leak” hannels have 4 transmembrane domains (M1 to kehso
P loops (Kp). [adapted after Benarroch, 2009]

Erg K" channels constitute a subfamily of tether-a-go-gogene (EAG) voltage-gated K
channel family that comprises also the eagl(® and elk (eag-like, 42) channels (Figure
4). Mutants of these channels have been studieithédiirst time inDrosophila melanogaster
Here, a rhythmic leg-shaking phenotype during etheesthesia has been described in
mutants of theeaglocus. In the larvae of these mutants a high fegy of action potential
firing, in motor nerve fibers, was found. This ieased excitability suggested that ey
locus encodes a‘kKchannel (Warmket al, 1991). A low-stringency screen ofDaosophila
head cDNA with areag cDNA probe identified a cDNA with an incompleteespreading
frame (ORF), related to the eag protein, and tloeeeflesignateelk (Warmke & Ganetzky,
1994). In addition to theagandelk loci, a member of therg subfamily has been identified
as the seizure locusd) in Drosophilg mutations of this locus induce a temperatureiteas

11
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paralysis combined with hyperactivity in the fligiotor pathway (Titugt al, 1997). These
members irbrosophilahave homologues in mammals which were identifedte first time
in 1994 (Warmke & Ganetzky, 1994).

EAG
K channel family

/x

eag elk erg
ether-a-go-go eag-like eag-related
eag1 eag2 elk1  elk2 elk3 ergl  erg2 erg3
& & L ® L & ® &
el ]
recovery from

inactivation

activated — deactivation
inactivated
closed,
deactivated
+20 mvy +40 m\/
| | -80 mv [ -somv

Figure 4. Theether-a-go-gogene (EAG) K channel family. This family consists of three subfamilies: «
(ether-a-go-gagene), elk (eag-like gene), and erg (eelgted gene). Each of these subfamilies has 2
members. The schematic drawing on the left showsaap, elkl- or elk3nediated current (green circle
which does not inactivate upon depolarization upon repolarization has a tail current typfoaldelayec
rectifiers. The schematic drawing on the right ofeag- or elk2-mediated *Kcurrent (red circles) illustrat
that a depolarization elicits a small transientrenr followed by a small steadyate current. Upac
repolarization the typical tail current occurs.dpted after Schwarz & Bauer, 2004]

The erg K channel subfamily is made of mainly three prosibunits: ergl (Kv11.1), erg2
(Kv11.2) and erg3 (Kv11.3) coded by three differgahes (Kcnh2, Kcnh6 and Kcnh7). By
alternative splicing different protein isoforms aaecur for each of the genes (Figure 5), e.qg.
Kcnh2 can be translated into functional ergla arglhke channel proteins, but also into
ergla-uso and erglb-uso subunits that do not famational channels (Guagt al, 2008),
but when combined with the others modulate the Hysjzal properties of the current (Aydar
& Palmer, 2006).

12



Introduction

Kviix

I pas | 5186 I CNED | hKviiia

. | hKvi1.1b
— B i umn
[ e BN | hKvi1.2 iso1
I - e | hKvi1.2iso2
I S - | hKvi1.2iso3
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Figure 5. Human hKv11l channelsSchematic diagram of a Kviisubunit containing 6 transmembre
segments S1-S6 and a P loop; the N-terminal PASadormnd the Germinal cyclic nucleotide bindin
domain (CNBD) are also highlighted. The bar diaggatapict he known isoforms in humans of the th
channel subtypes. [adapted after Einaesteal, 2009]

The properties of the functional subunits have bsteidied by expression in cell lines or
Xenopusoocytes. Erg2 proved to be the strongest inwartifier since it activates at the most
positive potential, whereas erg3 is the weakegiyaitg at more negative potentials (and
also has a faster activation and deactivation &nwdes inactivation kinetics (Wimmerest al,
2002). In contrast to other,Kchannels, erg Kchannels are characterized by a peculiar
inward rectification mechanism caused by the twdtage-dependent activation and
inactivation gates (Figure 4 bottom, Figure 6). Tependence of erg current amplitude on
the [K']o has also been documented, a paradoxical increaserient amplitude despite
decreased electrical driving force being observeclevated [K], for all three subunits
(Shibasaki, 1987; Sturnet al, 2005). Moreover, at higher temperatures the engeant
amplitude increases considerably (Vandentetral, 2006).
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Upon depolarization the time course of erg cureativation is slow reaching a steady-state
only after a few seconds. Stronger depolarizateditst smaller outward currents because of
inactivation which is due to the C-type (closetie C-terminus) inactivation gate resulting in
inward rectification. Upon repolarization typicabmsient, hook-shaped tail currents occur

due to the fast recovery from inactivation and stteactivation (Schwarz & Bauer, 1999).

Depolarization

A 4

Repolarization

K+

TN Y RN Y e
LI IR T

Closed Open Inactivated

H

— — = =

Figure 6. Gating scheme of erg K channels.The three main states that erd &hannels occupy a
illustrated (closed, open or inactivated) and tfamgitions between them. At membrane potentialsvip
-60 mV, most erg Kchannels residia the closed state. Upon depolarization, the nalnmove to the ope
state (activation) at a low rate, followed by al@p$e of the outer mouth (inactivation) at a higter Upor
repolarization, the pore regains its structure #red channels reopefnecovery from inactivation) befol
moving back to the closed state (deactivation) paeth after Larsen, 2010]

The history of erg K channel discovery starts in 1990 when Sanguimetti Jurkiewicz
showed that the delayed rectifiel” Kurrent of guinea pig ventricular myocytes is madle
two components. One of the componenig) (exhibits prominent inward rectification and
activates very rapidly when compared to the othgy).(Moreover, the fast component is
blocked by the methanesulfonanilide class Il antigghmic agent, E-4031. Therefore it was
possible to isolate the effects of the fast compboea the duration of an action potential (AP),
which increases wheR,lis blocked.

With the discovery of the human erg gene (back themedHERG now KCNH2) as a
member of the EAG Kchannel family (Warmke & Ganetzky, 1994) a furtbtap was made
towards the identification of the molecular basis $ome human heart diseases. It has been
proven that thexl component of the cardiac delayed rectifier ¢trrent was mediated by
HERG (hK11.1) channels (Sanguinedt al, 1995; Trudeatet al, 1995). Mutations in the
KCNH2 gene were found to be the physical basissfuame forms of inherited long QT
interval (LQT) syndrome (Curraet al, 1995). Two years later (1997), Londenal. cloned
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the mouse equivalent of KCNH2, back then namwelgl (now Kcnh2), coding for its
protein isoform Mergla (K.1.1a), but also coding for two other N-terminalnicated
isoforms: Mergla’' (kl1l.1a’), which lacks the first 59 amino acids asdnbt expressed
abundantly, and Merglb (K1.1b), which has a markedly shorter N-terminal donstarting
with 36 unique amino acids (for the human homolsgsee Figure 3). Mergla and Merglb
subunits coassemble to form heteromultimeric chianwé&h deactivation kinetics that are
faster than those of Mergla or HERG currents apgesi than those of Merglb currents, but

nearly identical to what has been observedyor |

Additional to the Kcnh2 gene coding for the ergl dhannel two other members of the erg
subfamily have been identified in rat in 1997, Kérdnd Kcnh7, back then namerh2 and
erg3 These two genes are predominantly expressedeiménvous system, in contrast to

Kcnh2 which is widely expressed in both neural aad-neural tissues (Skt al, 1997).

Since the discovery of erg'kchannels and their different subunit compositimany tissues
and cell types from various species have been cteized with respect to the biophysical
properties of the erg currents, their involvementphysiology, distribution in the plasma
membrane and subunit expression. In the cardiaodign the sinoatrial node cells, the erg
current with its slow time course of deactivatioontibutes to the ionic mechanisms
underlying pacemaking (Zaz al, 1997), whereas in the atrial and ventricular nyyes the

Ikr plays an important function in plateau formatiom aepolarization of the action potential
(Hancoxet al, 1998).

Erg currents have also been detected in smoothlencsits of esophagus, stomach, colon and
gallbladder (Akbaraliet al, 1999; Ohyaet al, 2002; Shoelet al, 2003; Parret al, 2003,
respectively). It is assumed that the erg curreatdribute to the maintenance of the resting
potential of these cells. In esophageal smooth husells blockade of erg Kchannels
induces spontaneous contractions, presumably dw tmcrease in [G§; following the

opening of voltage-gated Eachannels.

Glomus cells of the rabbit carotid body have an eugrent which is also believed to
contribute to the maintenance of the resting paknfter the blockage of the current, the
cell depolarizes, the [¢§; increases and the afferent nerve fibers fire agpiotentials at a

higher frequency, mimicking the effects inducednlypoxia on the action potential frequency
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(Overholt et al, 2000). Reactive oxygen species have been shownctease the HERG
currents (Taglialatelat al, 1997). Presumably, the EAG domain of the ergganoivhich is
known to be @sensitive in other proteins is responsible forghasitivity of the ion channel
(Pellequeret al, 1999).

In various pituitary cells or pituitary-derived temcell lines hormone secretion is regulated
by changes in their excitability. In lactotropesRH stimulates prolactin secretion by a
membrane depolarization accompanied by an incrieaske rate of Cd action potential
firing leading to an increase in [€R (Corretteet al, 1995). In native lactotropes and in
clonal rat somatomammotropes (GH3/B6; Bagteal, 1990) the erg current is modulated by
TRH (Corretteet al, 1996; Schafeet al, 1999). The erg current reduction is mainly dua to
shift in the erg current activation curve to moosifive membrane potentials and a decrease
in the maximal amplitude of the current (Schledarmet al, 2001). In mouse gonadotropes
the erg current can be partially blocked by GnRlkbulgh the same mechanisms. The
complete blockage of the erg current by applicabbic-4031 depolarizes the cells and the
[Ca®"];increases, theoretically contributing to the LHrs&ion process (Hirdest al, 2010).
The hormone-induced effects on the erg currenteaaght to be mediated by a G protein-
coupled intracellular signal cascade involving anyat unknown intracellular messenger.
Although it is very likely that ion channel phospyation is involved in the TRH-induced
signal cascade, activation of protein kinases C @nddo not mediate this effect
(Schledermanet al, 2001).

Endogenous erg currents have been also studieeuiiolastoma cells, which exhibit a high
variability in erg current amplitude. This variabjlwas due to different stages of the cell
cycle. After synchronization the erg current amyulés were more homogeneous (Arcangeli
et al, 1995). Neuritogenesis was accompanied by a hgfgipation of the resting potential
by 10-20 mV due to an increase in erg current aogei both were abolished by pertussis
toxin (PTX), demonstrating that the effect of thell adhesion molecules on the erd K
channels are mediated by G proteins (Arcangehl, 1993). Moreover, the action potential
frequency accommodation seen in these cells istalube erg K channels (Chiesat al,
1997).

The erg K channels have been also found to be expresseuydhe early stages of neuronal

differentiation. In embryonic neuronal cells origimg from quail neural crest cells the erg
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K™ channels are replaced at later stages by clagsiwalrd-rectifying K channels which
make the resting membrane potential more negdime &t immature stages (Arcangslial,
1997).

A growing interest in the function of erg’Khannels in neurons developed after it has been
shown that all three subunits are expressed ibrhia. Using specific antibodies Guastial.
(2005) have shown that ergla, erglb and erg3 pso#ae highly expressed in mice olfactory
bulb, paleocortex, hippocampus, neocortex, thalarhygothalamus, midbrain, cerebellum
and spinal cord. In contrast, erg2 has a much I@reaein expression, with the highest levels
in the red nucleus and Purkinje neurons. PreviolR-I3H (nonradioactive in situ
hybridization) studies in rat brain have shown that erg K channel mRNAs are present in

most neuronal cell types (Sagandattal, 2001; Papat al, 2003).

In several of these neuronal cell types the ergeais have been biophysically characterized
and their involvement in excitability has been assed. In rat embryonic serotonergic neurons
a fast erg current has been characterized witlvadmin and deactivation kinetics closer to
erglb and erg3 currents respectively (Hiradgsal, 2005). In the neurons of the medial
vestibular nucleus the blockage of the erg curireerieased the spontaneous action potential
frequency and in some cells induced a more irredirlag pattern. The threshold, amplitude
and overall shape of the action potentials werenmadified upon application of erg channel
blocker, whereas it increased the steepness ohtbespike slopes (Pessa& al, 2008). In
mice deprived of pheromonal stimulation the redurctiof erg current density in basal
vomeronasal neurons current injection leads taragular firing pattern due to Na@hannel
inactivation upon depolarization (Hagendast al, 2009). Erg currents in mitral/tufted
neurons from the mouse olfactory bulb are moduldigdthe metabotropic receptor for
glutamate, mGIuR type I. The mGIuRI agonist DHP@uees the maximal erg current
amplitude to approximately 75% and shifts the ation curve to more positive potentials by
around 4 mV resulting in an erg current reductiearrthe resting potential contributing to the
depolarization caused by mGIuRI stimulation. Spedifock of the erg current depolarizes
the membrane potential and the action potentiaueacy increases, especially in a more
elevated K solution (5 mM; Hirdet al, 2009). In the neurons of the mouse medial nucleus
of the trapezoid body (MNTB), application of E-408&polarizes the membrane potential,
reduces AP threshold and accommodation and ingesRdrequency (Hardman & Forsythe,
2009).
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Previously, part of the biophysical properties af eurrents in cerebellar Purkinje neurons
from immature, postnatal day 5 to 9 (P5 to P9), ymehg adult (P22 to P42) mice have been
characterized (Sacaat al, 2003). However, effects of the erg current ondbigon potential
pattern were only assessed in the P22 to P42 miwehich action potential accommodation
disappeared in half of the neurons when an ergretapecific blocker was applied. Upon
stimulation of climbing fibers, complex spikes abdde recorded from Purkinje neurons as a
first big spike and additional spikelets (aroundAlffer blockage of the erg current there was

a small increase in the number of spikelets (CagcBet al, 2003).

In recent years some connections between the HE&@sgand brain related pathologies
were indicated. A primate-specific isoform of theoms common subunit (KCNH2-1A),
KCNH2-3.1, was identified which is upregulated iipnts with schizophrenia (Huffaket

al., 2009). In contrast to the firing pattern in cohtrat primary cortical neurons, when the
KCNH2-3.1 subunit is overexpressed, trains of ABslonger accommodate due to fast
deactivation of the isoform-carried current. Sittee KCNH2-3.1 subunit is expressed only in
primates it is tempting to suggest that it maymelved in cognitive processes. The change
in the firing pattern could affect higher-order odgn possibly leading to some of the
symptoms seen in patients with schizophrenia. btheer study (Johnsoet al, 2009), it was
found that within the group of patients with the T®Qsyndrome caused by mutations in the
KCNH2 gene there is a higher percentage of persbaets have the positive “seizure
phenotype”, personal history of seizures or a hystd antiepileptic drug therapy than within
any other LQT syndrome subtype group. Therefore, ghtients with a KCNH2 mutation
could also be susceptible for epilepsy rather themply a ventricular arrhythmia with

subsequent collapse and seizure activity.
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2. Materials and Methods

2.1 Acute slice preparation

Cerebellar slices were prepared from 5-10- and 22dhay-old male C57BL/6 mice. In
accordance with institutional guidelines, the vgoying animals were decapitated in a single
step while the older ones were anesthetized widfluiane (Abbot, Mumbai, India) and
subsequently decapitated. The brain was quick® fiin) removed and immersed in ice-cold
carbogenated (95%,05% CQ, 30 min) artificial cerebro-spinal fluid (ACSF)laton (see

in Solutions and chemicals) containing (in mM): I28Cl, 2.5 KCI, 3 MgCJ, 1.25 NaHPQ,,

26 NaHCQ, 20 glucose, pH 7.4. The brain was cut on the saigittal plane with a scalpel
and the two halves were glued with cyanoacrylat¢hencutting plate of a Vibratome (Leica
VT1200S). Parasagittal slices of 200 um were cdt subsequently incubated in a recovery
ACSF (2 mM MgC} from the above mentioned ACSF were replaced withN2 CaC}) and

incubated at 35° C for 1 hour. The recordings weagle within 8 hours after incubation.

2.2 Heterologous expression

2.2.1 Transformation and plasmid purification

The cDNAs for raerg channel subunits,ergla r-erglh r-erg2 and rerg3(kindly provided

by Prof. Dr. Christiane K. Bauer, Institute for \&gtive Physiology and Pathophyisiology,
UKE, University of Hamburg)have been placed into pcDNA3 vectors (Invitrogearl€bad,

USA) and amplified by transformation of competerdcteria. 100 pl of competent
Escherichia colicells were placed in pre-cooled tubes togetheh vidt ul of cooled

B-mercaptoethanol (1:10 dilution) and left on ice ¥® minutes. Then, 0.5 pl of the vector
(DNA 1 pg/ul) was added and left for 30 minutes@nwith the bacteria. After a heat shock
to 42 °C for 40 s to transform the bacteria, the was allowed to cool down for 2 minutes on
ice. 900 pl of preheated Super Optimal broth - Qaltee repression (SOC) medium was
added to each tube and incubated afterwards atC3@n°a shaker with 225 rpm for 60

minutes. After incubation, 50 ul of the mix weragagd on Lysogeny brotithB)-agar plates
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with 100 pg/ml ampicillin and spread out on the ehsurface. The plates were then kept at
37 °C overnight.

The next day the plates were checked for grownme$y and only one colony was picked up
with a sterile tip and placed in Erlenmeyer beakeith 50 ml of LB medium and 50 pl of
ampicillin; the beakers were incubated overnigl8atC on a shaker with 125 rpm.

The bacteria-containing LB-medium was collecte8@nml tubes and centrifuged at 5000 x g
for 15 min at 4 °C. The supernatant was discardetlia order to proceed to cell lysis the
pellet of bacterial cells was resuspended in 4 mip@cooled Buffer S1 + RNase A
(NucleoBond plasmid purification kit, Macherey-Ngdeiren, Germany). 4 ml of Buffer S2
was added to the suspension and the tubes werly gerdgrted 6-8 times for mixing. The
mixture was incubated at room temperature (20-256€C3 min. Precooled Buffer S3 (4 ml)
was added to the suspension and the lysate way gared until a homogeneous suspension
containing an off-white flocculate was formed. Téespension was incubated for 5 min on
ice. For a Midi-preparation a NucleoBond AX 100 @uh was used and equilibrated with
2.5 ml of Buffer N2. The column was allowed to eynpy gravity flow. In order to filter the
suspension a NucleoBond Folded Filter was placeadsmall funnel and pre-wet with a few
drops of deionized ¥D; then the bacterial lysate was loaded onto thefilter and the flow-
through collected. The cleared lysate was thenddamhto the column which was allowed to
empty by gravity flow (binding step). The columnsaatiaen washed with 10 ml of Buffer N3;
the flow-through was discarded. The plasmid DNA afisrwards eluted with 5 ml of Buffer
N5. The precipitation of the eluted plasmid DNA veahieved with 3.5 ml room-temperature
isopropanol. After careful mixing the precipitatBdNA was centrifuged at 15,000 x g for
30 min. at 4 °C. The supernatant was carefullyatded. The DNA pellet was washed with
2 ml of room-temperature 70% ethanol, vortexedflyriand centrifuged at 15,000 x g for
10 min at room temperature. The ethanol was removild a pipette tip. The pellet was
allowed to dry at room temperature for around 10.rmMhe DNA pellet was then re-dissolved
in 50 pl of Tris-HCI (10 mM). By using a GeneQuapectrophotometer (Pharmacia Biotech,
Piscataway, USA) the absorbance at 260 nm wasndigied for a 1:100 dilution of the
samples; and by multiplying with 5 the amount of ®ih pg) in the initial 50 pl of Tris-HCI
was calculated. Subsequently, the adequate volimessHCI was added in order to reach a
concentration of 1 pg/ul of DNA. Plasmid integrégd the way the insert was oriented were

determined by agarose gel (1.5%) electrophoregis. fdllowing restriction enzymes were

20



Materials and Methods

used: for pcDNA3/rergla — Nhe | (1 site), Bgl ligi2es), Sma | (3 sites); for pcDNA3/rerglb
— Hind 1l (1 site), Sma | (2 sites); for pcDNA3/g2 — Srf | (1 site), Hind Ill & Eco81 | (each
1 site); for pcDNA3/rerg3 - Eco81 | (2 sites). Eabgestion mix had a final volume of 30 pl,
of which 1 ul was the plasmid DNA and 3 pl the buffFermentas, St. Leon-Rot, Germany:
Tango buffer for Nhel, Sma I, Eco81 I; Orange bufier Bglll; Red buffer for Hind llI;
Universal buffer — Stratagene, Amsterdam, The N&thds for Srf 1). In the digestion mix
containing both Hind Il and Eco81 I, the Tangofeufvas used; since the efficiency of Hind
[l in this buffer is 50% the amount of enzyme wdsubled (1 pl). From all the other
enzymes 0.5 pl were added to the mix. Autoclave@ tas added to get the final volume of
30 pl. All mixes were incubated for 20-30 min at°®7, except for the mix containing Sma |
which was incubated at 30 °C. After incubation,d®f migration buffer was added to each
mix and 10 ul were subsequently pipetted in eaghaslthe agarose gel; 4 ul of HyperLadder
| (Bioline, Taunton, USA) were pipetted in the fisdot. After 30-45 min at 120 V the gel was
visualized under UV light.

2.2.2 Transfection

The humanembryonic kidney (HEK)293 cell line was used asdherexpression system. The
cells were cultivated in 25 chtissue flasks (Sarstedt, Newton, USA) in DMEM hiig F12
medium supplemented with 10% FBS (PAA Laboratorieasching, Austria) and with 1%
Pen/Strep, 1% L-Glutamine (Gibco Invitrogen Co.,cRliand, NZ) at 37 °C and 5% GO
Medium was replaced every 2 days. In 3-4 days étis divide and cover almost the entire
surface to which they had attached. When this stagereached, the medium was removed,
2 ml of 0.05% Trypsin-EDTA (Invitrogen, CarlsbadSH) was added and the flasks were put
back into the incubator for 2 min. Subsequentiywl2of culture medium was added and cell
density was determined in a Neubauer chamber. ttaeha new culture flask was prepared,
the cells were added at a density of &6lls per 7 ml of medium. For transfection, thésce
were placed on poly-L-lysine (PLL) coated glasseasiips in 35-mm cell-culture dishes
(Nunc, Roskilde, Denmark) at a density of tells per 2 ml and used within four days. The
sterile glass coverslips were previously incubateth a solution of poly-L-lysine (PLL,
Sigma-Aldrich, St. Louis, USA) for 1 hour and wagheith autoclaved kD in order to

remove the unbound PLL.
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Before the transfection procedure the cells wdmwald to stay in culture for at least one day
following the enzymatic digestion. The transfectioix was prepared by diluting 5 pl of
Lipofectamine (Invitrogen, Carlsbad, USA) and lofithe plasmid of interest (1 pug/ul) with
1.5 pl of the “marker” plasmid pcDNA3/mCherry (Qu4)/ul, kindly provided by Dr Ulrich
Boehm, ZMNH, Germany) in 250 pl of Optimem (Invigen, Carlsbad, USA) each. In the
case of the subunits that had a lower expressua &s r-erglb and r-erg2, 1.5 pl of cDNA
solution was added. After 5 min at room temperatbheetwo dilutions were combined and
incubated at room temperature for 20 min. Afterdbks were washed with 1 ml of Optimem,
the 500 pl transfection mix was added and the miltishes were incubated for 4 hours.
After the transfection step ended the mix was gaaby 2 ml of culture medium. The next
day the cells were ready for electrophysiologieglordings. Transfected cells were visible by

red fluorescence when stimulated at 540 nm.

2.3 Electrophysiology

2.3.1 The Patch-clamp technique

Given that an intact cell has a membrane potergialembrane resistance and a capacitance,

one could construct an electronic model of a cell:

extracellular T

intracellular J{

Figure 7. The equivalent electrical circuit for the plasma membrane.The plasma membrane separ:
two environments: the extracellular and intraceiudlompartments. Since both these compartmentsaioc
electrically charged compoundsspecially ions) and the plasma membrane isid bgayer, the latte
creates a barrier blocking the free circulatioriraf electrolytes (and this is equivalent to a tesise from
an electrical circuit, R). Acting like an insulator, having electaiccharges on both sides, the plas
membrane constitutes also a capacitap)(The difference in charge between these two enwients
creates a driving force for the charged particigg.(Jadapted after Hille, 2001]
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Electrophysiological techniques can be divided intadirect methods that employ

extracellular electrodes, and direct methods thiéizes micropipettes to make contact to the
cell of interest. The latter include intracellulacording techniques, in which the pipette
penetrates the cell, and patch clamp, where thettpipnakes only contact to the cell. The
equivalent circuits of electrophysiological expegimal situations contain mainly resistors
and capacitors. A cell-pipette system containg afseuch resistors and capacitors as follows:

- membrane resistance: represents the opposing fora@mic transfer across the plasma
membrane;

- membrane capacitance: appearing due to the fadhidg@lasma membrane is an insulator
separating two environments, the extracellulariatrdcellular spaces;

- pipette resistance: represents the resistancesafatrow column of fluid that is contained
in the pipette;

- pipette capacitance: created because of the pigéats walls that separate the bath
solution from the pipette solution;

- leak resistance: represents the resistance obiingection between the pipette and the cell

membrane to ionic conductance between the cytosbtlee bath.

One of the features of patch clamp that makes #thod so powerful is that it can be used in
different ways so that the experimenter can stadychannels at different levels (the whole
population of ion channels or individual ion chalshend manipulate easily the fluid on the
extracellular or intracellular side of the membraleing a recording (Molleman, 2003). The

various patch-clamp configurations in the ordetheir possible formation are (see Figure 8):

- Cell-attached patch mode: the pipette is positioagainst the plasma membrane where
the glass makes a very strong connection to thebrare lipids; the cell remains intact
but in this configuration no manipulation of the dree on the intracellular side of the
membrane or of the potential over the patch isiptess

- Whole-cell mode: the membrane under the pipettentipell-attached mode is ruptured
and the pipette solution and the electrode maleetdelectrical contact with the cytoplasm,;
since the patch electrode is on one side of thempamembrane and the ground electrode
is on the other, the membrane potential can bettireecorded.

- The volume of the cytoplasm is negligible companeth that of the pipette and

many intracellular factors relevant to the subpfcstudy can be washed out in the
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pipette solution; to avoid this, in many cases ipossible to perform perforated-
patch clamp, where the electrical contact with ¢gosol is established through
pores in the plasma membrane, formed by a memlpariierating agent added to
the pipette solution (nystatin or amphotericin B).

- Sometimes it is needed to isolate the somatic manebof neurons from the
dendritic or axonal membrane; a variant of the wkaall configuration is the one
in which the nucleus is taken away from the reghefcell together with some of
the somatic membrane, while the pipette remains@ected to the membrane and
communicates with the cytoplasm surrounding thdeusc(nucleated patch mode).

Outside-out mode: which is obtained by pulling awlag patch pipette from a cell in the
whole-cell configuration; the membrane will everiyéreak and owing to the properties
of the phospholipids, fold back on itself into atgha covering the pipette. This
configuration can be used to study the effects xdfaeellular factors on single ion
channels, because the bath composition can be@kasily during recording.

Inside-out excised patch: is obtained from a cifledned patch configuration, where the
pipette is pulled away. As the pipette is pullecagthe membrane elongates and breaks
at some point, forming a vesicle attached to tipetpte tip; the vesicle can be destroyed by
a short exposure to air, and this leaves a patth the cytosolic side facing the bath.

Inside-out patches are ideal for studying the ¢ffet cytosolic factors on channels.
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Figure 8. Patch-clamp configurations.The cellattached configuration is the first that can beawisd
when the pipette forms a strong connection to #lenrsembrane. If in the pipette solution some pextfog
agent is incorporated (in violet), the perforatedch configuration is obtained. If instead, the rbeame
under the patch is disrupted a whokdl configuration is formed. From this configumatitwo others can t
obtained: the nucleated patch, bkihg away the nucleus with the surrounding plasmanbrane, and tt
outside-out by taking away only the plasma membralieh breaks off and reseals. Starting from the ce
attached configuration a vesicle is formed in tipeof the pipette by pulling #h pipette away; the vesic
can be broken by shortly taking the pipette owgadfition, forming the inside-out configuration.

Since in the present work only the cell-attachedi w&hole-cell configurations have been used,
only the two of them will be further considered the description of their equivalent circuits
(Figure 9). It is known that the highest resistanc@ series circuit determines the current

flow. Therefore if the current flow is intendedlde monitored through a certain compartment,
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then the resistance of that compartment shouldhbehighest in comparison to the other

resistors in the circuit.

In the case of the cell-attached configurationdheme several resistors in the series circuit,
namely the resistance of the pipefgdnd, patch resistancdfa) and membrane resistance
(Ry). As the patch resistance is the highest, thereemircuit monitors the current flow
through the patch and any ion channels in it. Tisgity of this monitoring activity depends
also on another resistor placed in parallel with dkhers: the leak resistand®.4). The leak
resistance represents the quality of the seal legtwiee glass of the micropipette and the
membrane; and if the seal is good, thenRhg is very high and no significant current will
leak away. The relevant capacitances in the ciameithe pipette capacitanc@,iferd and the
capacitance of the patch of membrane. The latterefg small and can be ignored. The
whole-cell capacitanceC{,) is not important in this configuration, because membrane
resistance Ry) is so much smaller thaRyacn that it actually short-circuit€Cr,. Cpipette

although small must be well compensated in ordavtod the eventual artifacts.

In the whole-cell configuration the patch of memmwaunder the pipette is disrupted; in
electronic terms this implies that tRg.cn becomes very low, and the access resistdRged
remains. The membrane potentigl) is disrupted as the integrity of the plasma memeéris
lost and the pipette electrode has direct eledtrammtact with the cytoplasm. In this
configuration the whole-cell membrane resistanceobws the largest current-limiting
resistor, and thus the circuit monitors the curflaw through the membrane of the entire cell.
The membrane capacitance plays an important roMhoie-cell recording, mainly because it
affects the voltage clamp time characteristics. Angnge in holding potential will be delayed
becauseRaccessaNd Ryipete iIN Series withCy, form a significant RC circuit. The sum Bccess

andRyipette IS SOMetimes referred to as series resistanceégimah, 2003).
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Figure 9. The pipette-cell systemThe pipettezell system presents electronic properties in whtok
circuits are made mainlgf resistors and capacitors. In both types of gumfitions discussed here
membrane () and a pipette capacitance,ft:d occur, since the plasma membrane and the pipetis
are separating two charged environments. The nacmwumn of solutionn the pipette poses resistal
(Rpipetd to the ionic flow, as well as the membrane urilerpatch (Ru) in the cellattached configuratior
or the small connection to the interior of the d@tl..s) in the wholeeell configuration. The pipet
connection to the plasma membrane has a resistaheakage (R.9. The membrane of the cell has its ¢
resistance (R to ionic currents. In the case of cattached mode the intrinsic membrane potentiahe
cell is not disturbed (f. The membrane voltage at a certain momeny) (¢ measured and compared v
the voltage command ¢Yby the differential amplifier. In the case of tbell-attached mode the measu
voltage (V) is only the difference in charge betweake pipette and the extracellular solutionsisRthe
feedback resistance of the electronic setup. [adagiter Molleman, 2003]

2.3.2 Solutions and chemicals

The composition of extracellular and intracelludatutions is described in Table 1. The stock
extracellular solutions in the form of ACSFrt{icial cerebro-pinal fluid) were kept as
follows: the bathing 2.5 mM KACSF was prepared as a 10x solution lacking Naki(@®
order not to have precipitates with the divalertoces) and at the final dilution containing
only 1 mM MgCh. The NaHCQ solution was also prepared as a 10x stock anddnwith
the 2.5 mM K ACSF on the day of the experiment. In order totget final concentration of
3 mM divalent cations either in the form of 3 mM ®lg, 2 mM MgCh and 1 mM CaGlor
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1 mM MgCL and 2 mM CaGl according volumes were added from Mg@50 mM) and
CaCb (1 M) stock solutions. For cutting the cerebe#iices 350 ml of 2.5 mM K 3 mM
Mg** ACSF were prepared, whereas for recovery 100 @l ®imM K, 1 mM Md*, 2 mM
Cd* ACSF were used (adapted from Saetal, 2003). Usually, for bathing the slices during
the experiment a 2.5"'Kor 5 K" ACSF were used (adapted to the experiment comupthie

divalent ion concentrations).

ACSF solutions other than 2.5 mM*"Kand the Ringer solution used for patch-clamp

recordings of cultured cells were prepared at fowadcentrations according to Table 1.

The intracellular solutions (Table 2) were prepabgdadding the energy storing compounds
in the end in order to avoid their decay. The fisalltions were aliquoted in volumes of 1 mi
and stored at -20° C. On the day of experimentaiggiot was left to thaw on ice and then
kept on ice in a syringe with filter; the thawedutimn was used only on that respective day.
Two such intracellular solutions were used: one which KCl was replaced with
K-methanesulfonate (Jackson & Bean, 2007), andcansk solution in which KCI| was
replaced with K-gluconate (Saccet al, 2003). For the majority of experiments the
K-methanesulfonate-based solution was used aseiteaf a longer survival time of the cell in
the whole-cell configuration. The K-gluconate-basetution was used only for the on-cell
experiments because it offered a better seal fommatiquid junction potentials were not

corrected.

For the isolation of the erg current the applicatad the antiarrhythmic drug E-4031 (1 uM,
Eisai, Tokyo, Japan) was sufficient to achievesa #d complete block. In order to eliminate
the influence of other neuronal cell types thatdfee Purkinje neurons synaptic blockers
were added to the ACSF (AP-5, 50 uM (Ascent Sdienfrinceton, USA); CNQX, 10 uM
(Ascent Scientific, Princeton, USA); bicuculline R0 (Ascent Scientific, Princeton, USA)
to block NMDA, AMPA and GABA receptors, respectively (Sacebal, 2003; Rosset al,
2008)). To see the rapid effect of erg channel kdge on the firing activity of the cell, a
slightly increased concentration of E-4031 was u&pdM). In order to test the modulatory
effect of mGIuRI receptors on erg channels, (S}E(BHG (50 uM, Ascent Scientific,
Princeton, USA) was applied to the bath (Yuan et2007). All experiments were done at

room temperature (22-25 °C).
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Table 1. Extracellular solutions

Substance Concentrations (mM)
2.5K ACSF 58 K" ACSF 40 K ACSF 5 K Ringer
NacCl 125 122.5019.5 87.5 135
KCI 2.5 58 40 S
CaCb 2 2 1 1
MgCl, 1 3 1 2| 3B 3 2
NaHPO4 1.25 1.251.25 1.25
NaHCG; 26 26026 26
HEPES 10
Glucose 20 2@0 20 5
pH 7.4 (carbogen)| 7.4 (carbogen)| 7.4 (carbogen)| 7.4 (NaOH)
Table 2. Intracellular solutions
Substance Concentrations (mM)
K*-methanesulfonate Kgluconate
K*-methanesulfonate 123
K*-gluconate 140
NaCl 9
MgCl, 1.8 4
EGTA 0.9 0.5
HEPES 9 10
Na-Phosphocreatine 14
MgATP 4
NaATP 4
NagGTP 0.3 0.4
pH 7.3 (KOH) 7.3 (KOH)
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2.3.3 Experimental procedure

Slices were bathed in a continuous flow of carbagmh ACSF containing either 3 mM Kig

or 1 mM C&" and 2 mM M§" as divalent cations for voltage-clamp experimeots?2 mM

Ccd&* and 1 mM Mg for current-clamp experiments. Purkinje cells weisualized with a

Zeiss Axioskop 2 FS Plus with a 40x objective. €&lere chosen for recordings only if their
dendritic initial segment was visible under infréifferential interference contrast optics.
Capillaries made of borosilicate glass (GC150FH@rvard Apparatus, Edenbridge, UK)
were pulled with an electrode puller (Flaming/Bromicropipette puller, Model P-97, Sutter
Instrument, Novato, USA). Somatic, whole-cell retings were made with patch pipettes of
3-5 MQ resistance when filled with any of the two intdrealutions. The erg current and the
action potentials were recorded using a HEKA EPG8pldier (HEKA Elektronik,

Lambrecht, Germany ). High positive pressure wasiegh to the pipette solution in order to
remove the debris and access the membrane of Run@urons. Upon pushing against the
membrane the pressure was released and negatissuprewas applied together with a
hyperpolarization to -60 mV until a seal of 2-4£2@esistance was formed. For the on-cell
configuration having a good seal was enough talse@airs of inward and outward currents
caused by nearby action potentials. The whole-@satifiguration was obtained by applying
short pulses of negative pressure to the membratoh pintil its rupture. The recordings were
taken into consideration only if access resistames below 30 MR. In current-clamp

recordings no current was injected so that the tsp@ous membrane potential was monitored.

For the nucleated-patch configuration, after ggttime whole-cell configuration, the pipette
was placed close to the nucleus and then the pip&ts pulled away while applying strong
negative pressure. The connection between the atedepatch and the rest of the cell,
consisting of plasma membrane and a thin threagtoplasm, became thinner and thinner as
the pipette was lifted away until its rupture. ¥eal resistance usually remained very stable.
But since a strong negative pressure was applieth@mucleus while getting the nucleated
patch, the access resistance increased above ¢bapted limit. Therefore, positive pressure
was again applied through the pipette in orderushpback the nucleus from the cytoplasmic
layer until the access resistance decreased &gjace the expected currents were in the range
of a few tens of pA, only patches that had an accesistance below 15 Mwere further

considered.
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The slices were perfused continuously with carbatgh ACSF at a speed of approximately
1 ml/min, and only when a good patch-clamp confijon was obtained the speed was
increased to approximately 1.5 ml/min in order $suae a rapid exchange of solutions and

achieve a rapid block of the erg current or activabf the mGIuR1 receptor.

The glass coverslips with HEK293 cells were plaaader the microscope in the recording
chamber filled with 5 mM K Ringer solution. In order to identify cells with good
transfection rate, the cells were stimulated at ®#0and the ones with a medium to high red
fluorescence were chosen. The cells with a verk Rigorescence were usually damaged and
the erg currents actually smaller than in the oglth medium fluorescence. Only cells with
smooth surface without debris and a cytoplasm with@cuoles were patch clamped. The
patching procedure was similar to the one usedPiakinje neurons; the only difference
concerned the positive pressure applied to thadetlular solution, which in the case of HEK
cells was lower since there were no additionatigssurrounding the cells to be pushed away.

2.3.4 Data analysis

The data were analyzed using PulseFit (HEKA ElelkkioLambrecht, Germany), Igor Pro
6.03 (Wavemetrics, Lake Oswego, USA) and Excel (bfoft, Redmond, USA) software
packages. When averages were calculated, the vakresgiven as mean * standard error of

the mean.

The voltage dependence of activation and curremtlability were obtained from the

amplitudes of the tail currents at -100 mV. Sinke tail currents elicited by different test
pulses were measured at the same potential, tleudriving force did not change, there was
no need to normalize to the conductance, hencedhk amplitudes of the erg current were
used to determine the voltage dependence. The wadaes for each potential were fitted by a

Boltzmann function:

31



Materials and Methods

wherel is the tail current recorded at -100 M}« is the maximum current generated by the
best sigmoid fit to the dat&;,, is the membrane potential at whicks 50% oflhax andk is
the slope factor of the fit and describes the mamdipotential difference from 1/£37%) to

1-1/e £63%) of the normalized tail current.

The membrane current density was calculated byliigithe amplitude of the current by the
capacitance of the membrane (either the membratieathole cell or of the nucleated patch)

and expressed as pA/pF.

Whole-cell conductanc& can be determined from the peak current at -100 an¥l the
potential difference between membrane poteMialand the equilibrium potential for'iKEx.

G represents the inverse of membrane resistthead equals the quotient of membrane
currentl and the driving force. The driving force for amithrough the plasma membrane is
the difference between the membrane potektigdnd the equilibrium potential for that i@

(in this caséek). Ex can be obtained from Nernst’'s equation:

o __rr, K]
V. -E, [K]

where R is the universal gas constant which eq88&8 J K' mol', T is the absolute
temperature in Kelvin, z is the valence of thé kns (+1), F is the Faraday constant
(F = 9.65x18 C mol?), and [K]; and [K], are the intracellular and extracellular potassium

concentrations, respectively.

Steady-state inactivation was determined as thaidraof the steady-state current amplitude
from the peak current amplitude. At the most negafiotentials, depending on the channel
subunit, the values were not evaluated becaus@onéasing interference of deactivation,

which apparently slows the time course of curreday.

The activation time constant was calculated from tHil currents at -100 mV, after the cell

was taken previously to +20 mV by pulses of exptiaéiy increasing durations. The average
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peak current at each potential was calculated,thed the means were fitted with a single

exponential function.

For estimating the recovery from inactivation am@ativation time constants, current traces
were elicited by pulses at different potentialseiafthe erg current was previously fully
activated by a pulse at +20 mV. The current tracad different shapes and presented
different recovery from inactivation and deactieatikinetics depending on each membrane
potential. Since erg current deactivation was shtavhave two components, a slow and a
fast component, two exponential functions were u$ed some potentials to fit the
deactivating part of the current trace (at potémtizetween -120 and -100 mV the slow
component has a larger amplitude than at more dapetl potentials). Recovery from

inactivation was fitted for all potentials with oegponential function.

Activation: | (t) =10 1-ge'=
~t
Recovery from inactivation: — r
I(t)_lmln-'-lmax 1-e'
~t
Deactivation (-90 to -60 mV): | (t) =1+l Oele

-t -t
De T geacF + I De T geacs

Deactivation (-120 to -100 mV): | (t) =2 |

min + maxF maxs

wherelnin andlmax describe the minimum and maximum of the voltagevaied, recovered
from inactivation or deactivating current of theperential fit.t,; andt.ec describe the time
course of activation and recovery, respectively mpresent the time courses for the current
to reach 1-1/ex63%) oflmax Tdeactdescribes the time course of deactivatmpalirepresents

the fast component antieacisthe slow component) representing the time neededh®

current to reach 1/e87%) oflnax
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3. Results

The erg current was present in almost all Purkim@irons that were investigated. In a
physiological solution (2.5 — 5 mM i the erg current amplitude was relatively small
(usually below 100 pA), whereas othef ghannels gave very large currents (reaching even
10 nA in the case of the A-type and delayed-restidurrents combined). Since it was known
that the erg current amplitude increases with isireg extracellular Kconcentration (Sturm

et al, 2005), a 40 mM K solution was used to evaluate the biophysicalmatars in PNs.

For the functional experiments a physiologicaldéncentration was used.

3.1 Biophysical characterization of the erg currenPurkinje neurons

The 40 mM K ACSF, used for all biophysical experiments had @&" ions from the
physiological ACSF replaced with Mgin order to eliminate the presence of*Ceurrents

and C&" dependent Kcurrents.

The voltage dependence of erg current activatios imgestigated by maintaining the cells at
a holding potential of -80 mV in order to recovesrm inactivation and deactivate all the erg
channels. The voltage protocol began with a steB@mV for 4 s followed by depolarizing
test pulses of 5 s duration starting from a holdwogential of -80 mV up to 40, in 10 mV
increments. All these steps were followed by a tiegaone to -100 mV for 500 ms upon
which the erg current was revealed as a transieward current. The amplitude of this tail
current is a measure of the erg current activasibthe end of the preceding steps (Figure
10A). Application of the erg channel blocker E-40&LuM) had almost no effect on the
outward currents elicited during the depolariziegttpulses, but clearly reduced the transient
current recorded at -100 mV (Figure 10B). The engents were isolated as E-4031-sensitive
currents by subtracting the two sets of tracesrbedmd after application of E-4031 (Figure
10Ca-b). The difference currents displayed the Hikak appearance due to fast recovery
from inactivation and slow deactivation. The reasdny there was almost no erg current
upon the depolarizing test pulses was that actimatf erg channels was slow whereas
inactivation was fast. As the maximal activatedrent at each potential a mean value was

taken from the hook-like region of the tail curerdt -100 mV (in order to reduce the
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contribution of noise to the total amplitude). Téneerage values for each test potential were
fitted with a Boltzmann function; the ;¥ equaled -44.28 =+ 0.4 mV and the slope (k) was
494 +0.6 mV (n=7; Figure 10D).

40 mvV
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Ca E-4031 - sensitive current
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Figure 10. Voltage dependence of erg current actii@n in Purkinje neurons. Representative traces
currents measured in a 40 mM,KMg**-based ACSF are illustrated as the total currédf the E4031
resistant currenty) and as the E-4031-sensitive curre@f), The protocol for activation is depicted in -
inset. Cb) Enlarged erg tail current traces measured at fi00 (D) The means of the peak currents
plotted against the test pulse potentials, aneldfittith a Boltzmann function yielding a,»of -44.1 mV anc
a slope factor (k) of 4.8 mV (n=7) [P5-P10]

The time course of erg current activation was aeiteed by an envelope-of-tail protocol at
one membrane potential (+20 mV; Figure 11, ins®ice at depolarized potentials the erg
currents inactivate very fast, it is impossiblestody the activation time course directly.
Therefore, by exponentially increasing the durabbthe test pulse at the potential of interest
(in the present case +20 mV), the fractions ofvatéid erg current can be obtained as talil
currents at -100 mV. From a holding potential o® 8V (4 s), a depolarizing pulse was
applied to +20 mV to activate the erg current. @edgrolongation of the initial 1-ms pulse
(with a At factor of 2 and\t increase of 5 ms) to +20 mV resulted in increggntivation of
the erg channels and therefore increasing the amdpb of the erg current measured upon a
hyperpolarizing step to -100 mV (250 ms; Figure adA. The time-dependent increase of
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the tail current amplitudes was fitted with a sengixponential function, yielding the time
course of activation at +20 mV (53.66 + 9.5 ms, %y Figure 11B).
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Figure 11. Time course of erg current activation inPurkinje neurons. Traces of E4031 sensitiv
current are illustratedA@) together with the “envelope-a&il” protocol (inset) obtained using the 40 n
K*, 3 mM Md¢* ACSF. The hook-like erg currents were measuredl@ mV after being activated
+20 mV for exponentially increasing duration8bj In the magnification, the first peak currents sihhewn
for a better view of the increase in amplitud®) The mean values of peak current amplitudes wiertéep
against the duration of the pulse at +20 mV, atgdiwith a single exponential functiogielding the
activation time constant of 49.2 ms (n = 5) [P5J10

Erg current availability, recovery from inactivatiand deactivation were investigated using a
complex pulse protocol. The holding potential was t® -20 mV so that the erg channels
became activated. Each 1 s test pulse ranging 4@to -120 mV in 10 mV increments was

preceded by a 2-s pulse to 20 mV to ensure a ¢tifaion. As the test pulses became more
negative the elicited erg current displayed a fasteovery from inactivation as well as a

faster deactivation (Figure 12C). This shows thikage dependence of the properties of the
erg current. For potentials between -60 and -90th@/erg currents were fitted by the sum of

two exponential functions in order to obtain theoneery from inactivationTte, Figure 13A)
and deactivation t(ea9 time constants. For potentials between -100 &izD -mV the

deactivating part of the erg current was fittedhwiivo exponentials revealing a fast and a
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Figure 12. Voltage dependence of erg current avalbédity in Purkinje neurons. Representative curre
traces are illustrated that have been obtained théhavailability pulse protocotiepicted in red at the to
either in control 40 mM KACSF () or in the presence of E-403R)( (C) The E-4031sensitive curren
obtained as difference curren)(The mean tail peak current amplitudes at -100(wi\are plotted again:
voltage and fitted with a Boltzmann function;(3£# -55.6 mV, k = 7.4 mV, n = 8) [P5-P10]

slow component (Figure 13B). All test pulses waidived by a 200 ms pulse to -100 mV

to elicit tail currents of the erg channels that dot deactivate during the preceding step.

Tail currents decreased with more negative testmiatis. This indicates that at the end of

the more negative test pulses the deactivationhefdrg current was more complete.

Therefore the amplitude of the tail currents msrahe erg channels “available” for

mediating current. Erg tail current amplitudes wplatted against the voltage of the test

pulses, fitted with a Bolzmann function and therrnmalized to the amplitude of the

Bolzmann function. For this “availability” curve éhvy, was -55.6 + 1.9 mV whereas the
slope factor, k =7.49 + 0.6 mV (n = 8; Figure 12D)
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Figure 13. Time courses of erg current recovery from inactiviion and deactivation in Purkinje
neurons. The erg current traces elicited by the various pegtes with the availdtly protocol (illustratec
in Figure 12) were fitted with the sum of two orebl exponential functions in order to obtain thael
constants of recovery from inactivatiom.f, A) and fast fgeacy and slow tgeacd time constants ¢
deactivation B). [P5-P10]
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3.2 Distribution of erg channels in Purkinje neuson

Since it is well-known that Naand C&" channels in PNs are distributed predominantly to
specific compartments, like soma or dendritic (®®iart & Hausser, 1994; Rancz & Hausser,
2006), respectively, the question arose whetherckamnels were also confined to a special
compartment, distributed along a gradient or preaethe same density throughout the entire
plasma membrane. An electrophysiological approaes wsed in order to address the
question concerning erg channel functional distrdru The estimation of erg channel
distribution was done by calculating the curremsiy for two patch clamp configurations:
whole-cell (Figure 14Aa) and nucleated patch (Fegu#Ba). Therefore, for each cell the
current density was calculated (in 40 mM KCSF) dividing the recorded erg current (Figure
14ADb) by the given cell capacitance. After the engrent was recorded, the pipette was easily
pulled away from the slice until the nucleated patmas obtained. When a good access of
below 15 M2 was reached, the remaining erg current was reddféigure 14Bb). Not for all
(only for approximately 50 %) nucleated patchewass possible to identify an erg current,
maybe due to small total current density or to mstable cell. But in the nucleated-patches in
which such a current could be identified it hadaamplitude very similar to what could be
calculated from the current density of the intaglt and the capacity of the nucleated patch.
This actually means that the erg current densfbeghe intact cells and for the nucleated
patches were almost identical (11.1 £ 1.56 pA/pRabole-cell, and -10.92 + 1.2 pA/pF for
nucleated patch configurations; n.s., paired twieda-test, n = 5, Figure 14C). This indicates
that in the plasma membrane there are presentidmatterg channels and that the channels
do not seem to be confined to one region of thienceibrane or another.
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Figure 14. The apparent homogeneous distribution othe erg channels in Purkinje neurons.(Aa)
View of an intact PN in the whole-cell configurati¢C., represents the wholeell capacitance). The pe
erg tail currents were measured &20 mV after full activation (pulse protocol in @k The paire
measurements were done first in the whole-celligandtion @b) and subsequently in the nucleated p:
configuration Ba, G, represents the capacitance of the nucleated patampare the current density
the membrane of the whole cell (erg current amgéitwas calculated as the difference from peaketadst
state deactivation) to the current density in tbenatic membrane (as E-4031-sensitive curr@it),
respectively. C) Averages for current densities in both configiorzé showed no differencel.1 + 1.5¢€
pA/pF for whole-cell, and -10.92 + 1.2 pA/pF forateated patch configurations; n.s., paired twiedht-
test, n = 5). The scale bar equals 5 pm. [P5-P10]
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3.3 Physiological role of the erg current in Purl@meurons

As described in paragraph 3.1, erg currents in &dhalf maximally activated at -44 mV in
a 40 mM K solution, so it is likely, that it is partially teated at the normal resting
membrane potential of PNs (-56.6 + 2.61 mV, n=8)otder to investigate the effect of erg
channel blockage by E-4031 on the spontaneougfioehavior of the Purkinje neurons,
action potential associated currents were meashbyedn-cell patch-clamp recordings. To
make the cells more excitable than in the commaisigd 2.5 mM K, a 5 K ACSF with

2 mM C&" was used. After forming a gigaseal, the actioreptigls were recorded as pairs of
inward and outward currents (Figure 15A-B). In B2 P10 mouse group a good connection
to the cell proved to be very important due to Weaker APs and smaller currents. In the
P22-P42 group the action currents were larger.résgsve only the intrinsic firing pattern of
the cells, synaptic blockers were applied to thid Ikicuculline (20 uM), AP-5 (50 uM) and
CNQX (10 puM)). In the neonatal/infant mice (P5 tbOl, the spontaneous activity consisted
of regular single action potentials. Out of ten r¢gpoeously firing Purkinje neurons four
reacted to E-4031 application by increasing thadifrequency. The mean firing frequency

of the four reactive cells was 6.84 + 1.07 Hz imtcol conditions, whereas after blockage of

A  Ps control

B + E-4031 5 pA

7
Firing frequency (Hz)

Figure 15. Increase of spontaneous action current frequencyniPurkinje neurons of immature mice
after blocking erg channels.On-cell recordingsn control 5 mM K ACSF @) of a PN (P8) exbiting
spontaneous firing at a low frequency. The actiorrent frequency increase after application o1
(5 pM; B) was representative for 40% of neuror®) [n this subgroup of the PB10 mice, the change
action current frequency from 6.8 + 1.1 Hz to 8.71.4 Hz was significant (* p < 0.05, paired thaled
t-test; n = 4)
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erg currents it increased significantly to 8.74 #21Hz (p < 0.05, paired two-tailed t-test;
Figure 15C).

In the young adult mouse group (P22-P42) 40% d$§ cehcted to the application of E-4031
(4 out of 10; Figure 16A-B). Ten cells were studiadwhich action currents occurred not
regular, as in the infant animals, but mostly irrsbe; although some had single action
currents. After application of E-4031, the reactiversting cells had an increased burst
duration, and the interburst interval and the imtrat frequency decreased. In control solution
the average duration of a burst, in the reactiimygaup, was 199 + 43 ms (n = 110) whereas
after blockage of the erg current it increased1®.7 £ 115.4 ms (n = 76; p < 0.001, unpaired
two-tailed t-test; Figure 16C). The interburst dima decreased from 714.6 £ 52 ms (n = 141)
in control, to 465.6 = 30.1 ms (n = 155) with E-40@n the reactive subgroup; p < 0.001,
upaired two-tailed t-test). The intraburst frequedecreased from 111.3 + 2.3 Hz (n = 109)
to 58 + 4.3 Hz (n = 76; p < 0.001, unpaired twdethit-test), whereas the overall firing

frequency increased but not significantly.

In order to be sure that the observed effects waeeto erg current blockage by E-4031 and
not to cell deterioration over time, control expeents were performed on another set of ten
Purkinje neurons for each study group. The neuresre kept for the same amount of time

only in the control ACSF and no change in theinfirpattern was observed.
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Figure 16. Increase of spontaneous burst duration in Purkinjeneurons of young adult mice aftel
blocking erg channels.On-cell recordings from a PN of a P23 mofiseg action potential bursts in 5 m
K" ACSF @). After the blockage of the erg channels by E-4084 cell B), representative for 40% of tl
PNs, responded with a prolongation of burst durat{€) The burst duration in this subgroup increa
from an average of 199 = 43 ms in control solutitm,713 + 115 ms after application of 4831
(*** p<0.001, unpaired two-tailed t test, cohro= 110, 1z_4031= 76)

While the on-cell patch-clamp configuration wastalile to observe the firing pattern of the
neurons, the shape and threshold of action potentend the membrane potential and
resistance could not be determined. Thereforehdurexperiments using the whole-cell
configuration were performed with PNs from immatun&e mice using 5 mM K 2 c&*
ACSF and for recording the spontaneous membranenpak in the current-clamp
configuration no current was injected. Most of thells were spontaneously active
comparable to the on-cell configuration. The firimghavior of Purkinje neurons at different
depolarization steps was examined by injectingeniradequate to first hyperpolarize the
cells to -60 mV and then depolarize with six regtaar 500 ms current pulses starting from
50 pA up to 300 pA in 50 pA increments. Some nesfavhen only 50 pA of current were
injected, did not depolarize enough to reach thestiold for action potential firing; but after

E-4031 application a single AP occurred (Figure 17)
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Figure 17. Erg current inhibition increased excitalility of Purkinje neurons. Representative volta¢
traces evoked by a 50 pA pulse of depolarizingenifrshowing that in the presence of erg currd@sell
was unable to fire an AP; whereas after applicatbB-4031 the membrane potential reached the thre:
for firing one AP. [P5-P10]

At larger depolarizations trains of action potelstiaccurred in all the studied cells. At very
large depolarizations the AP firing frequency saited or, in some cells failures in AP firing,
presumably due to Nahannel inactivation, appeared. For both thessoreait was chosen to
further analyze the firing pattern occurring at kvest amount of injected current (100 pA)
that generated a sustained firing in all cellsk&grequency adaptation was almost complete
within three spikes (Figure 18Aa-b). In control AESthe average AP threshold was
-37.74 £ 0.7 mV; after blockage of erg channelsaherage threshold decreased to -39.73 £
0.7 mV (p < 0.001, paired two-tailed t-test, Figd®Ac, B). This resulted in a shortening of
the delay from the start of the depolarizing curanse to the initiation of the first AP (from
24.65 = 1.3 ms in control, to 21.37 + 1.3 ms witkd@1, p < 0.001, n = 24). The
instantaneous firing frequency (IFF, reciprocal tbke interspike interval) significantly
increased from 32.09 £ 2.6 Hz (control) to 39.32. % Hz after application of E-4031 (paired
two-tailed t-test, p < 0.001, n = 24) for the fi'kP (Figure 18B). When comparing the
neurons with trains of at least 11 APs, a signifidacrease in IFF occurred for all APs after

erg current blockage (n = 12, Figure 19B).
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Figure 18. Blockage of erg currents increased exaibility of Purkinje neurons. (Aa) Sustained firing
upon injection of 100 pA of depolarizing current 8§00 ms. Upon erg current blockagkbj, the AP
threshold of the first AP decreasefic( B), and the initial firing frequency increase)( (*** p < 0.001,
paired, two-tailed t-test, n = 24) [P5-P10]

The IFF average values for the fourth to the eldveéxP did not show a big variation from
each other (before or after application of E-403ijt only a linear decrease (Figure 19B);
however, some neurons (25%) exhibited, after eemeél blockage, a great variation in IFF
(Figure 19A). In order to evaluate this variatitime average IFF values were calculated from
the fourth to the eleventh AP, for both conditioasd each IFF value was normalized to the
average. The differences to mean of normalizedegalwere tested for significance, proving
that after the erg current was abolished the itexgy in the firing pattern increased
(p < 0.001, unpaired two-tailed t-test, n = 38 befand n = 50 after application of E-4031).

The mean firing frequency of all APs during the alepzing 500 ms pulse at different
amounts of injected current was also evaluatedu(Eid9C). At low amounts of injected
current (50, 100, 150 pA) a significant differermmild be seen between control and in the
presence of E-4031 (p < 0.001, p < 0.001 and %, 0espectively, n = 24). At 100 pA the
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difference in the mean firing frequency was thehkgj, increasing from 25.42 £ 1 Hz in
control to 29.42 £ 1.71 Hz in the presence of EM4(Q08= 24).
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Figure 19. Erg channel blockage increased the instéaneous and the mean firing frequency it
Purkinje neurons. (A) Instantaneous firing frequew (IFF) for individual neurons (having at leastARs)
before (blue) and after E931 (red); a more irregular firing pattern occdrie some neurons after €
channel blockage.B) Average IFF values for the first 11 APs (n = 1®hich all increased by
approximately 10 Hz after the blockage of erg cleégrwhile spikefrequency adaptation remained simi
(C) Increased mean firing frequencies for differemtoants of injected current after 4631 applicatior
(* p <0.05, * p <0.01, *** p<0.001, paired, twiziled t-test, n = 24) [P5-P10]
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The influence of the erg currents on the excitgbdif the cells was studied also by applying
ramps of depolarizing current (5 mM*K2 mM C&" ACSF). After spontaneous action
potential firing was suppressed by injecting a hmgpkarizing current, 0 to 200 pA of
depolarizing current were injected during a 1-s paamd then 200 pA were injected for
200 ms (Figure 20A). In the presence of E-4031nieenbrane depolarized faster, reaching
the firing threshold earlier (Figure 20B), whichsaaso lower, comparable to the effect seen
with rectangular current injection (see Figure 18Adoreover, in the presence of E-4031, the

cell was unable to fire APs as the depolarizatiersisted and reached a higher value.

A control B + E-4031

mV

200 pA

Figure 20. Blocking erg currents changed the firig pattern of a Purkinje neuron. The PN was
depolarized by injecting 0 to 200 pA (ramp protoc#e inset).A) While the amount of injected curre
increased, the membrane potential depolarized timilthreshold for AP firing was reached. Aldw
interspike interval decreased; then, it increaggdradue to spike-frequency adaptatid) (Jpon blockage
of the erg channels a decrease in firing thresholdld be observed (dotted line), interspike inten
decreased compared to control and a depolarizdétiock of action potential firing occurred when
amplitude of the injected current further increag&-P10]
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3.4 Erg currents in Purkinje neurons elicited byiac potential clamp

To assess the amount of erg current that is aetivdtiring action potential firing of Purkinje
neurons, a membrane potential trace that was pslyiorecorded in a current-clamp
experiment (Figure 20, control) was used as a piatdemplate for voltage-clamp. Using this
“ramp firing” protocol (Figure 21A), whole-cell crents were measured before and during
application of E-4031. During each ramp protocohnsient inward and outward currents
were activated, presumably corresponding t6 &fad K conductances (Figure 21B). For an
optimal isolation of the E-4031 sensitive curreat, C&" free ACSF was used. In
approximately 40% of neurons (3 out of 7), an aadatng outward current was activated,
which was blocked in the presence of E-4031. Therence maximal current (evaluated as
current density equaled 0.52 + 0.03 pA/pF, n =igufe 21C, 22A) presumably corresponds
to erg currents that activate slowly during the panmduced depolarization and the train of
APs. The reason why this difference current cabeaieen in all cases (although the presence
of the erg current was proven in over 95% of calt®)ld be the variable current densities of

A 0
10 - Potential
20 — template
z 30
-40 —
-50 —
60 —
B 200+
Membrane
currents
<
a
control
E-4031

control - E-4031

Figure 21. Voltage clamp with a sustained firing tace.(A) The response in control 5 mM"KACSF
solution to the ramp protocol illustrated in Fig2@ was then used as a template (“ramp firing”)vatage
command. The Purkinje neurons exhibited currentgesponse to the voltage templa®),(and by
subtraction the E-4031 sensitive current was obthi@). [P5-P10]
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the erg current among PNs.

In order to isolate the erg current in more physiaal conditions, ACSFs with different €a
concentrations (1 and 2 mM) were also used. Thauragtating currents had similar
amplitudes as with 0 mM €5(0.43 + 0.06 pA/pF, n = 5 (Figure 22B); 0.56 +DAA/pF,

n = 3 (Figure 22C), for 1 and 2 mM Earespectively). No significant differences werarid
between the current densities in these conditianpdired two-tailed t-test). The fraction of

cells that presented such currents remained aré0%d
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Figure 22. Erg currents in Purkinje neurons elicital with a “ramp firing” protocol in different Ca *

concentrations.For all three C& concentrations the amplitudes of the E-488hsitive currents express
as current densities were approximately the san® @ 0.03 pA/pF, n = 34); 0.43 + 0.06 pA/pF, n=5
(B); 0.56 + 0.14, n = 3Q@), for 0, 1 and 2 mM C&, respectively); no significant differences were fd
(unpaired two-tailed t-test). [P5-P10]
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3.5 Properties of erg channel subunits expressétEK293 cells

For a better understanding of the erg current esga by Purkinje neurons, in terms of
biophysical properties and functional implicatiorss,more detailed characterization was
necessary of each of the participating subunithéoconstitution of the erg channels in these
neurons. Therefore the cDNAs for r-ergla, r-ergidyg?2 or r-erg3, each known to be present
in Purkinje neurons (Guastt al, 2005), were expressed in HEK293 cells togethén tie
cDNA for a fluorescent marker (mCherry). First, theltage dependence of steady-state
activation and inactivation, of all subunits, wasdéed, to determine the “window” current,
which is the steady-state current occurring in @age voltage range. The 'Kconcentration

(5 mM) of the Ringer solution and the compositidrihe pipette solution was identical to the
one in which the physiological effects of erg chelnblockage in Purkinje neurons were
measured. Moreover, 1 mM €avas added so that the voltage dependence was tbode
physiological conditions. The protocol used to gttlee voltage dependence of activation was
identical to the one used in Purkinje neurons (&gare 10), with the only difference of an
additional step to 50 mV when r-erg2 was recordethftransfected cells (as the activation
curve of this subunit had a known shift to the tighirdeset al, 2005). The peak tail currents
elicited by the step to -100 mV were normalizedhite maximal current, plotted versus the
test-pulse potential and fitted with a sigmoid fuowe. The following i, were obtained for
the four subunits: -30.15 £ 1.62 mV for r-erg3 (6)+-13.34 £ 1.57 mV for r-ergla (n = 6),
-2.61 + 1.69 mV for r-erglb (n = 5) and 10.24 +218V for r-erg2 (n = 4; Figure 23). The
r-erg3 channels activated at the most negativengiate among all subunits. In contrast,
r-erg2 channels activated at more depolarized patsn the first indication of current
appearing at potentials of -10 to 0 mV, where teeg3 current was maximally activated. In

between these extremes, the other two subunidaesi
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Normalized Current
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Figure 23. Voltage dependence of activation of fouerg channel isoforms.Voltage dependence
activation of the erg current carried through horedm channels, expressed in HEK293 cells. Thg V
values were -30.3 mV (r-erg3; n = 6), -13.5 mV 1@g¥a; n = 6), -2.7 mV (erglb; n = 5) and 9.9 m
(r-erg2; n = 4).

The protocol for inactivation had a holding potahtf -20 mV, which was followed by a step
to 20 mV for 2 s in order to fully activate the engrrents; then the voltage was brought back
to -20 mV for 100 ms and then to -100 mV for a tiperiod depending on the recovery
kinetics of each subunit. The main rule was tovaltbe erg currents to fully recover even
though the beginning of deactivation could be resticTherefore, a 5 ms step at -100 mV was
used for the “fast” subunits (r-erglb and r-erg8)d a 10 ms step for the “slow” subunits
(r-ergla and r-erg2). After the step at -100 mV tie pulses lasting for 250 ms were run,
starting from -60 mV and getting up to 100 mV witlsrements of 10 mV. During these steps
the erg currents that had recovered from inactwatt -100 mV (but had not deactivated)
inactivated with a voltage-dependent kinetic towaed steady-state. The last step of the
protocol brought the cells back to the holding pt& of -20 mV. The steady-state
inactivation was calculated as the ratio betweenstieady-state current and the peak current
(Figure 24B), representing the fraction of remagnourrent. The mean values of steady-state
inactivation for each potential step were plottgdiast the voltage. An increasing amount of
deactivation interfered with inactivation at moregative potentials, starting for example at
potentials negative to -20 mV for r-erg3, visible an apparent increase of steady-state
inactivation. Since the remaining curve was incaetglit could not be reliably fitted with a

sigmoidal function in order to determine the halximal steady-state inactivation. When
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presenting the voltage-dependence of activation sdeddy-state inactivation in one graph
(Figure 24B) the voltage range is illustrated, ihieh the large r-erg3 “window” current

could occur (between -45 and +30 mV). This voltagege corresponded to the membrane
potentials at which steady-state outward currens \passible, which thus could stably

hyperpolarize the cell.
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Figure 24. Voltage dependence of steady-state inagition of r-erg3 currents. (A) Family of
representative r-erg3 current traces are illugdrategether with theequivalent voltage steps of t
inactivation protocol (the 5 ms step tt00 mV, where current recovery from inactivatiocaeed, and th
test pulses at which current inactivation was stdyi 8) Voltage dependence of activation (taken fi
Figure 23) and inactivation (evaluated as the ragittveen steadgtate and peak currents; mean values !
-30to +70 mV, n = 12).

The same comparison of steady-state activationraudivation was done for all erg channel
isoforms (Figure 25). For r-erg2 currents, at pbéts where steady-state activation started,
the steady-state inactivation was already maxistabwing that no considerable “window”
current was possible at any potential. For r-erggmdow” current could occur between

approximately -35 and +10 mV, whereas for r-erg¥anged between -25 and +40 mV.
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Normalized Current
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Figure 25. “Window” currents of four erg channel isoforms. The activation curves illustrated in Figt
23 are plotted together with the steastlgte inactivation. The area below each correspgnalctivation an
inactivation curve represents the possible “windowirent for each isoform.

In order to determine which of the four erg homamehannels expressed in HEK293 cells is
most similar to the erg channels in Purkinje nesyaime activation curves measured in
40 mM K" ACSF were compared, since in native cells the cengents were too small to
evaluate in 5 mM K When the activation curves of the homomeric ceim 5 mM K
were compared to the ones obtained in 40 mMitkcould be observed that the activation
curves of all erg channel subunits were shiftedhi® left in the higher K concentration
solution (Figure 26A). The amount of the shift weasiable though, with r-ergla currents
shifting most (-29 mV), and r-erg2 currents shgtieast (-12 mV). The activation curve from
Purkinje neurons had a;)¥ of -44.11 + 0.8 mV (n = 7), which was not signéfitly different

to the W, of the r-erg3 carried current (-44.24 + 1.8 m\5 6; p = 0.98, unpaired two-tailed
t-test). The V; value for the current measured from r-ergla exmgsHEK293 cells was
also not different (V,=-41.89 + 3 mV, n = 3; p = 0.24) from ¥ of the erg current in PNs.
The Vi, for the other two subunits were placed at moreotigzed potentials (-25.44 + 1.7
mV (n = 6) for r-erglb and -1.98 = 2 mV (n = 6) feerg2) and significantly different from
r-erg3 and r-ergla currents (p < 0.001, unpairedtbiled t-test; Figure 26B).
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Figure 26. Voltage dependence of erg current actitian in 40 mM K™ for PNs and HEK293 cells(A)
Activation curves are shown for each isoform ine$ &nd 40 ¢) mM K*. In 40 mM K’ all curves wert
shifted to the left to different degrees, the largieift belonging to r-ergla whereas the smallesterg?2.
(B) Activation curves in 40 mM Kfrom HEK293 cells are illustrated together with the activatcurve fol
erg currents in PNs. Notice the close resemblamteden the native current and the r-erg3 aedgf-a
currents (\{,,equals -44.11 (PN), -44.58 (r-erg3), -42.4 (r-ejgi126.75 (r-erglb), -2.05 (r-erg2) mV.

In order to further compare and interpret the prige of the erg current in Purkinje neurons
and of single isoforms expressed in HEK293 cdflg,availability protocol was applied in the
HEK293 cells; in this way the recovery from inaetion and deactivation time constants
could be evaluated for the currents elicited dutimg different test pulses. Although these
parameters were evaluated for all the potentialsrevierg currents were obvious, the values
for the more hyperpolarized potentials were mohalvke, since the currents were larger and
could be better fitted with the exponential funogso Therefore, for the comparison of
recovery from inactivation time constants threeeptiils were taken into consideration (-110,
-100 and -90 mV). The most negative one (-120 m¥3 &lso not very reliable since at that
potential recovery from inactivation was very fasid it could combine with the occurring
capacitive artifacts. At these three potentials, rkcovery from inactivation time constant of

erg currents from Purkinje neurons was closelymided by r-erglb and r-erg3 currents. And
this resemblance was the strongest at -90 mV wthergalues for,ec from PN and HEK293
cells expressing r-erglb and r-erg3 were almosttica (t..c equals 3.82 £ 0.62 ms (n = 6),
3.78 £1.01 ms (n =5) and 3.43 + 0.76 ms (n =&gpectively; p > 0.7, unpaired two-tailed
t-test). For r-erglat.. was at all these potentials approximately 1.5dardpan for PN
(at -90 mV T = 5.33%+ 0.74 ms, but not significantly different; unpairedo-tailed t-test;
Figure 27, Table 3).
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Figure 27. Recovery from inactivation time constard. The graph illustrates the comparison betw

recovery from inactivation time constantsf) of the native erg current in PNs (ergPN) andents of four
erg channel isoforms expressed in HEK-293 cellsasueed in 40 mM K ACSF. The box indicate
potentials where the fitted values were more rédiabince at -120 mV subtraction artifactan occui
whereas at more depolarized potentials recovemy fr@ctivation takes place to a smaller extent. fiime

constants for the three mentioned potentials azegmt in Table 3. Althougdh, for the erg current in PN
approaches more the values for r-erg3 than fogtaerit is not significantly different from eithef them.

Table3. Recovery from inactivation time constant$éor homomeric and PN erg currents

Trec (Ms)
erg current -90 mV -100 mV -110 mV
r-ergla 5.33+0.74 4.30 +0.86 3.59+0.86 3
r-erglb 3.78+1.01 3.27 £ 0.84 2.61 +0.86
r-erg2 7.33£0.08 5.94 + 0.33 4.26 +0.53
r-erg3 3.43+0.76 2.12 £0.47 1.57+045 4
erg PN 3.82+£0.62 3.04 £0.47 234+041 6

So far, from the analysis of activation curves apg the erg current in Purkinje neurons
resembled to the r-erg3 current but also to theyta current. For the analysis of deactivation
time constant, two exponentials were used fonfittihe deactivation time course of the trace
at the most negative potentials (-120, -110, -100),nsince the slow component of the
current becomes larger at these potentials. Althditgng with two exponentials at these
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potentials gave better values for the fast compneihdeactivationteacs, the values for the

slow component were not very reliable because ti®s between the slow and fast
components were getting smaller as the potentedaine more negative. Therefore, only the
three most negative potentials were taken into idenation, where deactivation was fitted

with two exponential functions and the fast compunegas relatively large. The values for
TgeackrShowed a larger difference thag.between the erg currents in PN and r-ergla cugrents
the latter having @geacr@approximately 2-3 times larger than the PN ergents (at -100 mV,
79.5 +30.9 ms (n = 3) and 22.77 + 3.2 ms (n ¥éypectively; p < 0.05, unpaired two-tailed
t-test). And again thegeacefor r-erglb and r-erg3 currents were similar Wi erg currents

(14.55 £ 1.53 ms (n =5) and 16.87 + 1.93 ms (n),%ct r-erglb and r-erg3 respectively; no
significant difference between means; Figure 2&|84).
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Figure 28. Deactivation time constant for the faserg currents in PNs and HEK293 cellsFor the fas
erg currents the potentials at which the valuesraoee reliable & the negative ones, since at str
hyperpolarizations the fast erg component is vargd in absolute terms but also in comparisonecstbw
component. The mean values for -120, -110 and f@0can be found in Table 4t -100 mV the mea
values for rergla are significantly different from the meansPdf erg current (n = 3 and 6, respectiv:
p < 0.05, unpaired two-tailed t-test)
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Table4. Deactivation time constants for fast homonmee and PN erg currents

Tdeacr(MS)
erg current -100 mVv -110 mV -120 mV n
r-ergla 79.50 £ 30.86| 41.64 +14.84 28.79+6.77| 3
r-erglb 1455+153| 1245+1.34 9.98+1.47
r-erg2 53.32+4.00f 36.15+0.44 27.09 +1.66
r-erg3 16.87+1.93 | 12.77+193 10.23+1.704
erg PN 22.77 £ 3.20 1711 +255 10.87 +1.666

The measurements made in 5 mM ¢éoncerning activation and inactivation were meant
understanding the resemblance in terms of kinetidhe Purkinje neuron erg current to any
of the currents carried separately by each isofégknd although from those experiments it
could be estimated how much current was availabkaeh potential and what could be the
involvement of these subunits in the physiologyaaiative cell, an additional approach was
undertaken: the activation of overexpressed ergents with templates taken from Purkinje
neurons. The overexpressed currents are ideahéostudy of small changes that can occur
during spontaneous activity, or during differenpesimentally induced depolarizations. The
reason for this are the large current amplitudeéenofn the range of nA. The templates
obtained from traces showing differences betweertraband “+E-4031" conditions can be
used to understand which of the four tested subiypiés is most likely underlying the
observed effects in PNs. Templates showing spoatendiring were also used for the

understanding of the small effects of erg currénthkage seen in around half of the cells.

Currents similar to the ones obtained from Purkimgerons with the “ramp firing” template
were also observed in HEK cells. They activated@gmately where the ramp started to rise,
increasing in amplitude as the ramp depolarized déké close to -40 mV (Figure 29).
Although all cells had currents of relatively higimplitudes, the erg currents activated to very
different maximal amplitudes during the ramp tertglaA reason for this could be various
current amplitudes, or current densities. For tieegila subunit the average maximal current
amplitude was 43.15 + 12.7 pA (with a current dgnef 2.28 + 0.9 pA/pF, n = 8; Figure
29B), whereas for r-erglb the current amplitudechied 28 = 7.9 pA (current density of
1.08 = 0.3 pA/pF, n = 9; Figure 29C). The last taubunits were at the margins of the
spectrum, with r-erg2 not being able to activaterents in 80% of the cells, and r-erg3 that

57



Results

expressed large activating currents in every ahlking the ramp template. The current
amplitudes and densities varied tremendously betwesrg2 and r-erg3 (12.16 + 4.1 pA,

0.56 £ 0.2 pA/pF (n = 4; Figure 29D) and 340.918t98pA, 11.3 £ 2.2 pA/pF (n = 9; Figure

29E), respectively). For Purkinje neurons, in tame ACSF, the amplitude of the erg current
activated by the ramp template was 30.4 = 3.4 pAilewthe current density measured
0.43 £ 0.06 pA/pF, n =5.

Since the absolute amplitudes of each type of engnt were not relevant for comparison to
PNs erg current due to big differences in chanmeression, an approximation had to be
made for the amount of current that could be atgtvawith the ramp template from the
maximal current of a cell (evaluated as the peakeoti at -100 mV of the availability
protocol). Therefore, for each of the four erg atersubunits the ramp current versus total
current ratio was calculated. By far the highesioravas found for the r-erg3 subunit of
0.15 + 0.04 (n = 9) of the erg total current; andsharp contrast all the other three ranged
between 0.018 + 0.005 (n = 5) for r-erg2 to 0.030.@08 (n = 9) for r-erglb, with r-ergla
being in the middle with a ratio of 0.03 = 0.01<18).
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Figure 29. Erg currents activated with the “ramp firing” template in PNs and HEK293 cells.(A) PN
erg current (blue trace) activated with the “rariting” template, ina 5 mM K 1 mM C&" ACSF, was
compared with the homotetrameric erg currents. dynmeamics of the r-erglaj and r-erglb @) current
activation during the ramp template appeared sintdaPN erg current. R-ergDJ activated to a sma
extent, whereas r-ergE) exhibited a large activation in all cells; théigaof activated rerg3 current witt
the ramp template versus total current (0.15 +,0004 9) realistically approximated the possiblerent of

aPNin5K ACSF

59



Results

In order to see how the erg current activates duspontaneous firing of Purkinje neurons, on
the time course of depolarizations to thresholdn(froughly -60 to -40 mV), a “spontaneous
firing” template (2.3 Hz) recorded from Purkinjeunens was used (Figure 30A). In HEK293
cells expressing the r-ergla subunit, an accunomatf current could be seen as the cell was
depolarized to threshold, indicating that such potirization was enough to start activating
the r-ergla channels (Figure 30B). Such an effegldcbe seen only in cells that had currents
big enough to activate to a level where they cdiddseparated from noise. For the HEK293
cells expressing r-erglb subunits (Figure 30C)attevation was almost absent, even in the
cells with large currents. As for the r-erg2 sulbrigure 30D) no difference could be seen
between control and application of E-4031. The nstrsking difference could be seen in the
HEK293 cells expressing r-erg3 channels (Figure)3b&t activated sharply and to a greater
extent during the subthreshold depolarization. ffedence could also be seen during the APs,

a big reduction in the AP currents being noticedrferg3 after application of E-4031.
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Figure 30. HEK293 cell erg currents in response t@ “spontaneous firing” AP template. (A) AP
template recorded from PNS)(The rergla current activated on the depolarizing subtiviel slopes c
the template. R-erglhCj and r-erg2 @) currents showed no such activatiok) (The rerg3 current:
activated on the subthreshold slopes but also dwath AP. [gray traces, after application of E03
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For testing if any accumulation of the erg currehtring long lasting repetitive firing, takes
place, one has to observe the currents elicitegivents that are repeating for more than a few
times. A protocol was designed in which the APsewartificially created maintaining the
short duration typical to Purkinje neuron APs. Tnetocol fed artificial APs to the cell at a
frequency of 1.7 Hz (Figure 31A). Each AP was cosgabof a depolarizing “subthreshold”
ramp from -57 to -37 mV (which were approximateues close to the determined average
membrane resting potential and average threshdleesaof PNs, respectively). The ramp
lasted for 500 ms and was followed by a step ton}0of 1 ms. This short step was meant to
approximate the half-width of Purkinje neuron APdiachh was approximately 2 ms.
Following was a ramp of 2 ms from 10 mV back to mV, a potential at which the cell was
kept for 100 ms before the ramp to -37 of the Wgxtbegan. Even if the AP frequency in this
protocol was actually lower than the one in theof#pneous firing” template, because the
number of APs was much larger, a different phena@mecould be seen apart from the
activation that took place during the subthreshaldp: accumulation. Accumulation depends
on another property of the erg channel subunitsietathe deactivation kinetics. If during an
AP some channels get activated and if until thet m&R, the current does not totally
deactivate, then the next AP will appear to acéivabbre channels; this phenomenon occurs
until a “saturation” level is reached, at which @m@ount of current that deactivates during
one sweep equals the amount that activates dunegiéxt. For the subunits that showed
almost no erg current activation when using theotégneous firing” template, the increased
number of APs in the artificial AP protocol didmitake any difference (r-erglb and r-erg2;
Figure 31C and D, respectively). But for r-erglal arerg3 that exhibited a consistent
activation during the subthreshold ramp, the Iaagntof APs illustrated a difference in the
behavior of the two subunits. Although with thetiaditemplate the currents of both subunits
seemed to activate pretty much to the same extahtoaly with different kinetics, when
prolonging the number of APs the r-ergla currehigure 31B) showed accumulation that
was almost undetectable within the first three AH®e saturation level was reached shortly
after the 18 AP. In sharp contrast, the r-erg3 current didmtuamulate, since the r-erg3
subunits form channels that activate very fast,alsb deactivate fast, so that the following

APs must activate the same amount of current &t again (Figure 31E).
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Figure 31. HEK293 cell erg currents in response tan artificially created AP trace. The artificial AP
imitated the native APs from Purkinje neurons inmte of width, as the short pulses to +10 mV lasteac
1 ms in the constructed template whereas for Pjerkiaurons the half width of an AP ranged aroumdsz
The r-erglb and r-erg2 currents showed no actinatierg3 currents exhibited the same activation pa
as with the “spontaneous firing” template. But dioethe long train of APs, ergla current showe
accumulation (which was not so obvious when onlyy 8Ps are used ithe template). The frequency in
AP protocol was 1.66 Hz. [gray traces, after agian of E-4031]
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Since the experiments, where most of the physiolgffects of erg channel blockage were
observed, involved current injections to a levetevine cells could fire a high frequency train
of APs, such a PN response was further considesed template for further AP-clamp
experiments. The template was obtained by injecti®@ pA of depolarizing current, which
generated a sustained firing in almost all thesc@figure 32 A). The approximate firing
frequency in this template was 40 Hz, which washérgthan the ones from previously
described AP-clamp protocols. A different behawi@s observed especially in the subunits
known to have a fast deactivation (r-erglb andyBerif with the previous protocols only the
currents carried through r-ergla channels showaaroaninent accumulation, this time,
because of a stimulation at a higher firing frequyersuch an accumulation could be seen also
for the currents carried through homomeric r-er¢flgure 32C) and r-erg3 (Figure 32E)
channels. The most striking effect was seen incse of r-erg3 channels; due to a very fast
activation time constant, the current accumulatedhmmore than for the r-ergla (Figure 32B)
and r-erglb. No activation seemed to occur fort@r2 subunits (Figure 32D).
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Figure 32. HEK293 cell erg currents in response to an “curreh injection firing” template.
(A) HEK293 cells were stimulated with a telae (40 Hz) from PNs obtained after a depolarmatoy
injecting 100 pA. The erg channel isoforms exprésseHEK293 cells carried currents that were adéd
by the template in the case of r-ergBj, (r-erglb C) and r-erg3 E); (D) the r-erg2 curras exhibited nc
such activation. [gray traces, after applicatiofcef031]
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3.6 Modulation of erg currents in Purkinje neurdnsmGIuR1

All the effects that have been so far observed wstadied by application of a
pharmacological substance (E-4031). In many casedulation of the biophysical properties
of a certain type of ion channel is required, idasrto change the responsiveness of a neuron.
In the search for an intrinsic way to block/model#te erg channels, the effect of mGIuR1
activation on the properties of the erg currenifi®Ns was evaluated. The mGIuR1 receptors
were activated by using DHPG (50 uM) which is aoragt of mGIuRI receptors that include
MGIuR1 and mGIuURS. The erg currents were elicitgth the same activation protocol that
was used to study in the beginning the biophygcaperties, before and after application of
DHPG to the bath. After DHPG was applied a reductidthe peak tail current measured at
-100 mV was observed (Figure 33A). When the ergeturamplitudes, after application of
DHPG were normalized, to the values before itsiapfon a reduction to 0.54 + 0.02 (n = 4)
of the initial current was observed. When the peaslkes for both conditions were normalized
to themselves and plotted against the prepulsag®lta shift to the right of the activation
curve in the presence of DHPG (Figure 33B) was dhofi@ control conditions the
V12 =-40.81 + 3.4 mV whereas after application of Wy, = -28.47 £ 4.52 mV; p < 0.05
paired two-tailed t-test, n = 4).
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Figure 33. DHPG modulation of the erg current in PIé. (A) At -100 mV, after full activation of the e
current, DHPG blocked it by around 50%9B) (The voltage dependence of activa before (black) and aft
application of DHPG (5QM; orange). When normalized to itself, the actioatcurve, in the presence
DHPG, showed a shift to the right of around 10 novhpared to control (¥, shifted from -41.3 t030.04
mV; p < 0.05 paired two-tailed t-test, n = 4) [P5eP

For a more dynamic view of the overall effect and determining how the blockage of erg
current contribute to the shape of the synaptiaetus evoked by DHPG activation of
mMGIuR1, the cells were clamped at -40 mV in ordethéve a good fraction of the erg
channels activated. To have more stable recordingswithout the influence of other kinds
of synaptic transmissions, a Kigpased 2.5 KACSF was used, including synaptic blockers
for AMPA, NMDA and GABA\ receptors. At -40 mV a net outward current waseolesd of

an amplitude of up to 100 pA. When DHPG was appleethe bath a rapid decrease in the
outward current could be seen and most of the thmenet current became negative. After
reaching the peak of the net outward current reéoiict less rapid increase to levels slightly
above 0 mV could be observed. The response to DidB@®d be separated into two
components: a first component that generated a, pesaisient reduction in the net outward
current (heay; and a second component that evolved as a segomarease in the net
outward current {lswaines Figure 34A). Similar experiments were performedhwcells
clamped at -40 mV in which E-4031 was applied after net outward current reached a
steady level. Very soon after E-4031 was applibd, net outward current showed a fast
reduction, proving that at -40 mV, in a 2.5 mM #olution there are activated erg channels.

Due to the already known property of erg channelintrease their conductance upon an
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increase in the outward’Kconcentration, the same experiments with E-403%® werformed

in a5 mM K Mg®" based ACSF. The differences in the amplitudefi®fcurrent blocked by
E-4031 were almost indistinguishable, because therease in conductance was
counterbalanced by the decrease in driving force ihigher concentration of 'K Since
activation of mGluR1s reduced the erg current byeast 50% depending on voltage (at
-40 mV approximately 2/3 of the erg current is kled) experiments were performed in
which E-4031 was applied before or after applicattd DHPG, in order to see how the two
components were affected. When E-4031 was applidesiuently to DHPG, after the
synaptic response reached already the steadyssidietion of the net outward current, no
further effect could be observed (Figure 34B); whigeant that all the erg current available at
that potential was already blocked after applicatd DHPG. The most interesting approach,
to understand the contribution of the erg currerthe observed synaptic current, was to apply
first E-4031, and afterwards, DHPG. After applioatiof E-4031 a reduction in the net
outward current could be observed, and subsequmiication of DHPG generated only a
transient response (Figure 34C). These resultseprtivat the steady-state component in the
response to application of DHPG was due to thekalge of the erg channels, especially
when looking at the values for current density. Thean current density for the current
blocked by E-4031 was -0.62 £ 0.07 pA/pF (n = 1Bhereas for the peak component
(measured from the starting point of DHPG applaatiwhen both components were
combined) the mean equaled -1.04 £ 0.2 pA/pF () arl for the steady-state component,
-0.7 £ 0.15 pA/pF (Figure 34D). The two-tailed $ttshowed that there were no significant
differences between the current densities of tigecarrent blocked independently by E-4031

and the erg current blocked by activation of mGIuR1
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Figure 34. The erg current in PNs is part of DHPG+iduced responseThe recordings were done in t
absence of G4 in order to better isolate the erg compongAf) Typical response to DHPG (50 pl
application, composed of a transient and a sustaingent componentBj If E-4031 was applied after tl
transient component was gone, no change in theysttate component could be observed). If E-4031
was applied on a cell voltage-clamped at -40 mVnihieoutwad current was reduced, and upon subsec
application of DHGP, only the transient componeotild be detected.D) The mean amplitudes of tl
E-4031 sensitive current and of the sustained compiowere very similar (n.s.; unpaired two-tailédst;n
equals 13 and 5 respectively) [P5-P10]
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Similar experiments were done in the current clamgge in the absence of €ar in the
presence of 2 mM G& Without C&" in the extracellular solution the neurons wereblm#o
fire APs, but the depolarizations induced by thpliaption of different drugs could be better
evaluated. Therefore, if a Purkinje neuron was Ge@ed by current injection to -40 mV,
and DHPG was subsequently applied, a transieravielll by a sustained depolarization could
be observed (Figure 35A). These depolarizationsewbe equivalent of the peak and
sustained currents from the voltage clamp modalftér clamping the neuron at around
-40 mV, E-4031 was applied, the cell depolarizechtsustained level, and the subsequent
application of DHPG produced only a transient dapopétion (Figure 35B). In the presence
of C&*, the neuron was able to fire APs and the respam$2HPG could be evaluated in
terms of changes in the firing frequency. Therefapon DHPG application a transient and a

sustained increase in firing frequency could besoled (Figure 35C).
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Figure 35. Current clamp responses to the applicatnh of DHPG and E-4031(A) Current clamp trac
equivalent to the voltage clamp recordings, showdngransient and a sustained depolarization in
presence of DHPGB| Only a transient depolarization could be elicilydapplication of DHPG if the el
currents had been previously blocke@) Typical firing response (in the presence of 2 ") with a
transient and sustained increase in firing frequenc
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4. Discussion

The present study focuses mostly on the immaturkifje neurons from the mouse, but
comparisons between young and adult animals, mst@f PN behavior, are done either using
new data or referring to data already existindhmltterature (Saccet al, 2003; Hirdest al,
2005). A few studies have shown that the erg cHanae well expressed in the Purkinje
neurons of mouse and rat, all four major isoforeseiving the maximal expression score
(Guastiet al, 2005). Although initial studies have shown threg labeling of Purkinje neurons
occurs mainly in the somatic region (Pagtal, 2003; Guastet al, 2005), subsequent studies
proved that the erg channels are expressed in itehtlvo, the molecular layer being labeled
throughout its entire thickness (Hagendetfal, 2009). The first goal was to characterize as
completely as possible the biophysical propertiethe erg currents in immature Purkinje
neurons of wild type mice. In this way conclusioten be derived about the degree of
homogeneity of isoform distribution in the popubetti of PNs, concerning the possible
functional predominance of one of the erg chanmseforms, or about the functional
implications of a current with certain biophysicatoperties (by integrating them with
membrane potential, firing pattern and synaptiovagj. Although it has been shown that the
intensity of erg channel labeling on PNs is mordesss similar in the soma and proximal
dendrites (Hagendo#t al, 2009), a proof that all these channels are fonatiand the erg

current density is also homogeneous, was needed.

The next goal was to observe the natural behadianmature PNs, and how this behavior
could be influenced by injecting different amouatscurrent into the neurons. The effect of
erg channel blockage on these responses was exdlEatperiments were also performed on
young adults, where necessary; but in some cabesresults from immature PNs were
compared to data from the PNs in adult mice alrga@gent in the literature (Saceo al,
2003).

In order to have a mechanistical understandinghefdbservations concerning excitability,
feeding-back experiments were performed in whiglesponse from a Purkinje neuron was
used as a stimulus for another Purkinje neuronhis way it has been possible not only to
observe what happens to the firing of a neuron whenerg current is blocked, but also to

visualize where and how this current interfereslie firing process.
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When the erg current, responsible for the changeka functionality of the cell, is isolated
“in action”, questions about its identity arisejdaih is important to know which of the four
main erg channel isoforms participates with thgeat number of subunits to the constitution
of the channels in native cells. In other wordswtich of the erg currents carried by each
subunit at a time, the erg current in PNs resemtiiesmost. For answering this question
experiments must be done in overexpression systathseach subunit separately, and also

comparisons be made to the native currents.

And the last major step was to investigate if th@as any intrinsic mechanism by which the
erg currents could be blocked or modulated in aay.\f the blockage of erg currents would
occur only experimentally, by adding a specific diler to the bath, then the observed
functional effects would be only theoretical andwdoshow how the cell excitability would
have been if Nature hadn’t “put” the erg channalshie cell. It was known already that the
erg channels are influenced by the activation ohesd@ protein-coupled receptors like the
ones for TRH, GnRH or glutamate (Bauer, 1998; Hirdeal, 2010; Hirdeset al, 2009,

respectively).

4.1 The fast erg currents in Purkinje neurons asenbgeneously distributed

An important fact that should be mentioned from bleginning is that more than 95% of the
Purkinje neurons, investigated in the voltage clangde in 40 mM K ACSF, had an erg
current; and only some very small cells or cellthvai higher degree of damage didn’t express
it. When the erg currents from Purkinje neuronsewevaluated concerning the voltage
dependence of activation, the;)values as well as the steepness indicated thaerthe
channels in this type of neurons most probably Fegenilar isoform constitution. As it can
be observed in Figure 26 the activation curvesterfour isoforms differ from each other in
terms of \{,,by more than 15 mV, with the exception of r-erghd aerg3 which are quite
similar. If all the possible combinations of formgirerg channels from the different subunits
were taken into account, some would generate pbpntaof erg channels quite different
from each other. If this had been the case in Rjgkieurons, then the activation curves for
some cells would have induced a great variabilitythe mean values. Moreover, the erg
currents in Purkinje neurons have a very fast merse of activation (54 ms) compared to
r-ergla (215 ms; Hirdest al, 2005); and this would indicate that r-ergla cob&le a
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minimal contribution to the erg channels in PNs astg3 could be the only present isoform
with such a hyperpolarized;}. Despite the great similarity of the activatiomas among
different Purkinje neurons, the current densitiased very much (-7.82 = 1.04 pA/pF, n = 12)
even between cells of mice of the same age or belmging to the same mouse; therefore
this cannot be accounted for by any differencesalutions or preparation procedure. The
time course of activation was studied using thev&dope of tail protocol” in which the pulse
at which the erg current is activated was chosdpeta20 mV so that comparison could be
made with erg currents expressed in other neuttypak.t,: (54 ms; Table 5) provei be
the fasteskknown so far for any native cell, but even fasteattthe isoform which was
supposed to have the most rapid activation timesso(r-erg3, 95 ms; Hirdest al, 2005).
And again the mean values for different duratiohthe test pulse were very homogeneous

proving once more the biophysical homogeneity gfa@rannels in Purkinje neurons.

The next biophysical property to evaluate was thailability curve that would give the
amount of erg current, that doesn’t undergo furttheactivation, at different potentials of
interest. Under physiological circumstances ergiaobés could be activated during a burst or
a high frequency train of simple APs, and upon la@ation some current would still remain
active, participating to the maintenance of a hgpkrized membrane potential. As it can be
observed from the availability curve in Figure &2 potentials around threshold, like -50 or
-40 mV, the erg current would be available at i of around 70% and 90% of the total
current, respectively. The time courses of recovfesyn inactivation and deactivation that
were obtained by fitting the currents elicited Bpaolarizing steps, showed that the erg
currents in Purkinje neurons have again some ofa$iest time constants when compared to
other native cells (serotonergic neurons, Hirdeal, 2005; mitral/tufted neurons, Hirdes
al., 2009).

Table 5. Approximate biophysical parameters in 40 i K *

Neuron type Tactat 20 mV (ms) Tgeacat -90 mV (ms) V12 activation (mV)
Serotonergic 123 83 -42
Mitral/tufted 135 176 -51
Purkinje 54 48 -44

r-erg|l la| 1b| 2 3 la by 2 3 la b 2 3
CHO 215/ 106|821 95 | 400 | 20| 200 50 | -37 | -40| -3| -64

72



Discussion

So far, these time constants show that the ergtgin Purkinje neurons have fast kinetics
resembling more the currents mediated by the r-m@f®rm. The fact that the time course of
activation in PNs is even smaller than the smalsbng homomeric channels of the
isoforms separately expressed (e.g. in CHO cedisyjgest that additional factors could
contribute to the modulation of erg channel prapsrttherefore a native channel could be

more than a simple combination of the main fesubunits.

In order to evaluate if the erg channels, althopgéesent throughout the entire plasma
membrane as immunohistochemistry studies have shamgnhomogeneously distributed or
really functional in all compartments, nucleatedchaexperiments have been performed.
Since no difference was shown to exist betweenettge current density in the somatic
membrane as compared to the whole cell membramecdirent density in the somatic
membrane must be similar to the current densitythe dendrites. As for the latter
compartment the existence of a gradient could [sipke only if at one end the erg current
density would be higher and at the opposite endldvbe lower than the somatic current
density; so that the average for each compartmamiains the same. But such a varying
distribution hasn’'t been reported for an ion charbefore. The homogeneous distribution
comes as an argument against the possibility thgitsvariations in solutions or slice
preparation procedure are responsible for the higakility of erg current density among

Purkinje neurons.

4.2 Erg channels in Purkinje neurons decrease altity and increase firing

pattern regularity

For the functional involvement of the erg channel$N excitability a first evaluation was

performed in the on-cell mode, for the immaturevals but also for the young adults. In the
on-cell mode the only parameter that can be usetthel case of simple firing, is the interspike
duration and implicitly the firing frequency. When bursting behavior occurs, additional
parameters occur, like burst duration, interbunsérval and intraburst frequency. Purkinje
neurons have been shown to present spontaneow#tyaatthough silent neurons are also
quite frequent; the state of the cell can be infaesl by many internal factors and especially
in acute slices by the degree of recovery that eatihunderwent. The PNs that were silent

had a mean membrane potential of -56.6 £ 2.6 m¥ &) with values ranging from around
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-45 to -65 mV. Therefore, the lack of spontaneoctsvidly cannot be accounted for by a
stronger hyperpolarization of the membrane. Astf@ spontaneously active neurons the
resting membrane potential is obviously impossioleevaluate. For the on-cell recording
evaluation, only the PNs that were spontaneoudiyeaaere considered, so that the change
in frequency upon blockage of the erg current cindcevaluated. In immature PNs the firing
frequency increased by approximately 2 Hz uponKage of the erg channels. This finding
suggests that at the membrane potential at whiehcéfi was spontaneously active in the
control solution some steady-state erg current wasent, slightly hyperpolarizing the
membrane and determining the neuron to fire APs latver frequency than in its absence.
Other neuronal types have been shown to preserteaysstate erg current at resting
potentials or during spontaneous firing (ventrairh@ABAergic interneurons, Furlagt al,
2007; medial vestibular nucleus neurons, Pesisal, 2008 and mitral/tufted neurons Hirdes
et al, 2009). When this steady-state erg current waskbhlh, the neurons depolarized and the
firing rate accelerated.

Another important fact is that only 40-50% of thmstaneously firing neurons reacted to the
blockage of the erg current. Since the erg curveas present in almost every PN, this
relatively low percentage of reacting cells canydog explained by the large variability in
current density among cells. In a Purkinje neuttwatt wvould have a small erg current, the
change in firing frequency could be almost indigtiishable. Another explanation might be
that the degree of membrane depolarization is réiffefor responsive neurons than for the
others. The level of depolarization cannot be axiprated from the firing frequency, since
different neurons could have different factors cbuting to modulation of firing; therefore,
two neurons with similar firing frequencies coulavie different baseline membrane potentials.
And from the curves in Figure 26, if it is assuntieat the erg currents in PNs are very similar
to the r-erg3 currents, then in a 5 Bolution, at -40 mV, the fraction of current thian be
activated reaches 20% of the total current. Buhagotential goes to -50 mV, the fraction of
available current drops to almost 0. And since rb&ting membrane potentials can vary
across a range of around 10 mV, it is very possh#de half of PNs have membrane potentials

in the more hyperpolarized half of the range.

When the same 5 mM KACSF was used for bathing Purkinje neurons frora-P22 mice
another type of firing behavior was observed: bogstThe bursts were relatively short

(around 200 ms) and quite regularly interspacedva$ already known that P/Q-type %a
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channels are responsible for the termination ofbimests (Womack & Khodakhah, 2004); as
the cell progressively depolarizes more?*Cehannels are activated and the influx of'Ca
would subsequently activate €activated K channels, mainly of the SK type. The SK
channels hyperpolarize the membrane and termihatéurst. After erg current blockage the
bursts became longer, in average by approximatdytighes, while some of the bursts
increased many times more than the average duraftiafburst in control conditions, whereas
the interburst interval decreased. However, thealnirts frequency decreased two fold. A
similar observation was made in the ventral horrBBArgic neurons from mouse spinal cord,
in which the spontaneously occurring bursts wer@omged upon application of E-4031,
although the intraburts firing frequency increagedrlan et al, 2007). In previous work it
has been proposed that the dendriti¢*Cspike is responsible for the process of burst
initiation and termination. The depolarization daethe foot of the C&A spike is the one that
generate the initiation of the bursts, as soorhasthreshold for the Naspikes is reached;
while the depolarization progresses the burst as#e in length and the firing frequency
gradually increases. At some point the threshaldHe initiation of the C& spike is reached,
and as soon as the Ta&hannels open and the influx on’Canto the cell increases the SK
channels are activated and by hyperpolarizing tembrane the bursts are terminated. As can
be observed in Figure 21, during high frequendndiisuperimposed on a depolarization that
brings the cell well above the normal resting pboé&nthe erg current is activated; and its
tendency is to repolarize the membrane. Althoughattmplitude of this current is not that big
as to influence the whole process of stopping thestbit could participate synergistically
with other conductances to the process of tighdgutating burst duration or even the
interbursts intervals. Although the SK channelsehbgen shown to be very important for the
hyperpolarization of the bursts, they are not the dactor involved, as the replacement of
cd* by Mg™ in the external solution even promotes burstingalve®r in PNs (Swensen &
Bean, 2003). The complex spike, evoked in PNs bystimulation of the climbing fibers, is
composed of a first robust spike followed by a @asi number of spikelets, which have been
shown (Davieet al, 2008) to be generated in the axonal membranefréfjaency of spikelet
firing is very high (more than 300 Hz; Hurloak al, 2008), therefore the complex spike
constitutes a special type of burst in PNs. By engnnels blockage the duration of the
complex spike can be increased by one additionkékgh in some PNs (Sacat al, 2003).
The addition of a supplementary spikelet, afterliappon of WAY-123,398, suggests that
the build up of the erg current to the end of tleenplex spike would contribute to the
termination of spikelet firing. A similar mechanisrauld be involved in the case of bursts.
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One other possible mechanism for the increasedidaraf the bursts is not that the bursts are
prolonged, but that the burst are more easilyatatl. As an erg current conductance is
present at membrane potentials above -50 mV, thaductance could be present, at least in
some cases, when PNs are firing bursts; and whreeerth currents are blocked the threshold
for the initiation of the first spike in a burstl@®vered, as Figure 17 demonstrates. Just like in
the immature PNs, only half of the neurons fromngadults have reacted to the erg current
blockage, and the reason is most probably the senfier immature neurons. The mechanism
of burst prolongation, supposedly happening becafiselower threshold for AP initiation,
would differ from the mechanisms previously prombsat considered burst duration
regulation either in terms of Naurrent decline or in the availability of the hypelarizing
conductances (SK channels) building up to the drideoburst (Swensen & Bean, 2003). It is
clear, however, that the major factor responsibtebtirst prolongation is the increased delay
to the activation of hyperpolarizing conductancsisice the decrease in threshold could

account for the addition of only a few spikes te Hurst.

Although the on-cell experiments are not intrusavel disturbing for the cells, it is impossible
to control the membrane voltage and manipulateidhechannels. Therefore, the next step
was to use the whole-cell configuration for furtlevestigations. In order to have a stable
baseline from which the neurons could be stimulaiedchas been necessary to inject
hyperpolarizing current into the spontaneouslyvactells, to make them silent, but also into
the silent cells if the membrane potential wasdepolarized for the removal of Nahannels
inactivation. From this baseline, the neurons vieoeight to different levels of depolarization
and the firing pattern was analyzed. If a small amioof net depolarizing current from the
baseline is injected into the cells, it might beufiicient for triggering any spike, as some
cells showed. But after the blockage of the erghnbs, the same amount of current was
enough to trigger a simple spike (Figure 17). Siatehis potential the effect is of the
“on/off” kind, it was not possible to evaluate paeters such as firing frequency of delay
until the first spike; but it could be deduced frauch a behavior that the erg current
blockage lowered the threshold for spike initiatidihe same phenomenon was observed
when larger amounts of depolarizing current (100) p¥ere delivered to the neurons,
generating a sustained firing. Upon blockage ofaengents the neuron was able to fire a few
more APs, and the delay to firing initiation wascidased. Also the interspike duration

between the first and the second AP decreased hwhicerms of IFF translates into an
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increase by more than 7 Hz. Just as the “on/offpoase suggested, there is a lowering of the
threshold upon blockage of the erg current, chahgealthough very small (approximately
2 mV) is statistically highly significant. All thesparameters show that when the erg current
is present the excitability of Purkinje neuronslightly reduced. Although the erg current has
been identified and functionally studied in severalronal types the mechanisms by which it
increases excitability are not always the samahéneurons of the medial nucleus of the
trapezoid body (MNTB), blockage of the erg channatgeased the firing frequency and
reduced the threshold but there was no effect enldtency (Hardman & Forsythe, 2009).
Whereas in the case of MVNn the threshold didn’tdifyo after the erg channels were
blocked although the firing frequency increasedsfiReet al, 2008). One constant
observation concerning the effects of erg chantmtkage was that the shape of the APs
remained unchanged, the amplitude, half-width, rlafjeerpolarization (AHP) and
afterdepolarization (ADP) being similar before after application of erg channel specific
blockers (Saccet al, 2003; Pessiat al, 2008; Hardman & Forsythe, 2009).

An important feature of the firing pattern of imme PNs is the lack of accommodation. The
first 2-3 APs show increasing interspikes, butrafeeds the interspikes are quite constant,
meaning that there is no conductance with the ¢gptax accumulate from one AP to the
other or along the course of depolarization. Angl tain effect of erg channel blockage on
the firing pattern is to shorten all interspikekowing more APs to be generated during the
500 ms pulse. In the older animals, Saetcal. (2003) have shown that at least half of
Purkinje neurons exhibit accommodation, th& irierspike becoming much longer than the
first. And upon erg channel blockage, the accommonagreatly decreased (Figure 36B).
One explanation for the different firing patterntveeen immature and young adult animals
could be that the erg channels have different sketsubunits in their composition. In the
immature PNs fast deactivating subunits might pneidate, as it was already suggested from
the evaluation of activation curves and variouseticonstants, whereas in the older PNs the
slow deactivating subunits might be responsiblelieraccumulation of erg current to the end
of the stimulating pulse. A developmental changerop channel expression has already been
shown to take place in spinal ventral interneur@nslanet al, 2005); at 7 DIV, 77% of the
interneurons presented an E-4031-sensitive cunndrdreas at 14 DIV only a minority (23%)
displayed the erg current. Instead of downregulasith erg channel subunits, a more subtle
switch between the predominant subunits can oatU?Ns. In immature PNs, the plot of

average IFFs, before and after application of Ei4@Bowed only a steep decrease in the
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Figure 36. Comparison between the firing pattern bP5-P10 and P22-P42 micgA) Typical set o
traces recorded before (blue) and after (red) epidin of E4031 from immature PNs; no accommoda
can be distinguishedBj typical set of traces before and after applicatid WAY-123,398 (specific er
channel blocker), showing that cell firing accommatas in the presence of the erg current [modifiech
Saccoet al, 2003]

beginning, for the first 2-3 APs, but aftards the average values were almost
constant; although there was a very slight decrga#fie- even for the last APs, there was no

difference between control and “+E-4031" conditiomserms of accommodation (Figure 19).

By looking at the mean IFF values it can be implikbdt the erg channels have no role in
setting the duration of the interspike intervalst By looking at the IFFs of individual cells it

can be observed that after the blockage of theckamnels, in 25% of PNs, the interspike
duration varies quite a lot from one AP to the néite explanation could be that fast
deactivating erg currents would totally deactivate the course of an interspike, not
accumulating from one AP to another, but particigato the establishment of more regular
durations between APs. A similar increase in disgharegularity, after blockage of the erg

channels, has been shown by Pessial. (2008) for the MVNn, together with an increase in
firing frequency. Since the firing frequency depgma the membrane potential, on which the
erg current activation also relies, it could betttiee erg current activation attenuates the
spontaneous membrane potential oscillations redperfer the irregular firing. In the middle

of the interspike the net inward current is veryairand the participating conductances have
an absolute magnitude many times larger (Swens8&e&n, 2003); therefore, small changes

in any of them could have great effects on thertgrof spikes. In mutant mice, for the P/Q-
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type C&" channels, it has been shown that the precisionniinsic pacemaking was

significantly reduced (Walteet al, 2006). Many other channels could contribute te th
precise pacemaking of PNs, since this is thoughtetaan important background signal to
DCN neurons on which motor coordination-relatecbinfation would be relayed (Eccles,
1973).

The influence of erg channel blockage on the elsdita of immature PNs was evaluated also
at stronger depolarizations that would induce anevigher firing frequency. At high firing

frequencies the effect of erg channel blockage ineso indistinguishable, because the
capability of the neuron to increase its firingguency becomes more and more difficult the
higher the frequency is; this could be comparedatsaturation effect. It seems that at
membrane potentials around threshold and as lortbeasell is not very much depolarized

and has a relatively low firing frequency, the etgannel blockage induces an increase Iin
excitability since the erg channels are conductowgrent at these potentials. As the
depolarizations get stronger and the firing freaques become too high, there is no obvious

effect when the erg channels are blocked.

But what happens when the neuron is brought to mamebpotentials where failure could
occur because of a high degree of Nhannel inactivation? This question was addrebsed
using a longer depolarizing protocol, containiny @ spanning ramp that depolarized the cells
by injecting up to 200 pA of current, and a plated@00 ms during which 200 pA of current
was injected. Because of the longer and strongeoldazation the PNs were more prone to
firing failure. However, failure did not occur iromtrol conditions. But as soon as the erg
channels were blocked, the APs failed to occuhtdnd of the stimulation protocol. This
would indicate that during the depolarization a dwrtance with the tendency of
hyperpolarizing the cell would activate, and therefless N& channels would undergo
inactivation. A similar phenomenon was observettasal vomeronasal neurons (Hagendorf
et al, 2009) where blockage of the erg channels dealgassfiring frequency upon injecting

low amounts of depolarizing current, whereas ahd@igamounts almost total failure occurred.

Taken together, the results concerning the invokmmof the erg current in neuronal
excitability make it obvious that there is an iplay between the erg channels and other types
of ion channels participating to the regulationneuronal firing. At threshold potentials the

activated erg conductance dampens excitability, redse at more depolarized potentials,
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during high frequency firing, it can also prevening failure by allowing the Nachannels to

recover from inactivation.

In order to understand exactly how the erg currezgponsible for the above mentioned
effects, activates, when the activation starts @navhich extent this process happens, the
control response to the ramp protocol was used tasnplate for stimulation. The currents
recorded with this template in the presence of BEl4@ere subtracted from the control traces,
this way revealing the erg current component. Fopptimal isolation of the erg current, a
solution without C& was used (Figure 21); but since further compasiseith HEK293 cells
expressing erg currents were to be made, the téenplas applied on PNs bathed also in
solutions containing 1 mM Gaand 2 mM C&'. The current densities of the activated erg
currents were similar among these three conditibosjt seemed that when 2 mM Care
present the current starts to activate after adodglay than in the other two situations. This
could be explained by the fact that in the presasfc€&” the activation curve of the erg
current is shifted to more positive potentials (&dnet al, 2001); and so, in 2 mM &athe

current activated when depolarization reached armositive potential.

4.3 The erg current in Purkinje neurons resembiesy3 current

To better understand the properties of the ergeatiin Purkinje neurons, it was needed to
functionally assign the native erg current to oh¢he currents mediated by single isoforms.
The implications of erg current blockage in the siblpgy of the entire neuron would be
different depending on the isoform that is the maeponsible for constituting its erg
channels. As it was shown already, that transfeatibhippocampal neurons, which would
otherwise have an accommodating firing patternhwhe DNA for an isoform that mediates
fast currentsKCNH2-3.1), would greatly modify the firing pattern tonan-accommodating
one (Huffakeret al, 2009). Therefore it was necessary to overexpgash of the isoforms
into HEK293 cells and evaluate the activation caraed the current elicited with different
templates taken from PNs. The first step in thiguey was to measure the voltage
dependence of activation in 5 mM Ringer that would approach the naturally occuriom
concentrations. The activation curves hagh Values differing by more than 10 mV from
each other (Figure 23). This could be helpful witemparisons are made with activation

curves from native cells. For a more realistic viedv the available activated current,
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inactivation had to be also evaluated. By inteisgdhe activation and inactivation plots, the
“window current” can be appreciated. There is akvan interplay between activation and
inactivation and the “window current” would giveethreal current at more depolarized
potentials. The “window currents” were estimated dach of the four subunits. As can be
observed in Figure 25 the most abundant currestGmV, where the PNs were brought by
the depolarizing protocols, is the r-erg3 curremty little r-ergla current is present at this
potential, whereas for r-erglb and r-erg2 the cusrectivate at around -30 and -10 mV,
respectively. Since all the other biophysical partars in PNs were obtained in 40 mM K
ACSF, the exact same solution was used for recgrthia activation curves of erg currents
carried by different isoforms. In different”Kconcentrations, the activation curves have
different Vi, values, and the degree of shift varies from oofoisn to another. In 40 mM K
the activation curves were shifted to more neggbotentials when compared to theMn

5 mM K. The biggest shift took place for the r-ergla asof, reaching almost 30 mV,
whereas for the r-erg2 the shift was only of apprately 12 mV (Figure 26). Because of the
great shift of the activation curve for the r-ergldunit (compared to r-erg3 that had a shift
of only around 14 mV), the activation curves ofrgda and r-erg3 isoforms were brought
very close to each other (separated by only @ littore than 2 mV) and insignificantly
different from the activation curve of PN erg cuntreFor further discrimination between the
four erg channel isoforms, and especially betweerg8 and r-ergla, the time courses of
recovery from inactivation and deactivation werensidered. Since recovery from
inactivation is more prominent at negative potdstidhree potentials were taken into
consideration for further comparison (-90, -100 ahtD mV). Thet for r-ergla was always
bigger and more apart than for r-erg3 and PNs, lwkaemed to have more similar values
especially at -90 mV (Table 3). Howevaery,. for r-ergla didn't prove to be significantly
different from the values for r-erg3 or PN erg emts. A more contrasting comparison was in
the case of fast erg current deactivation time t@mmsThe slow component of the erg current
is usually small at depolarized potentials and bexo larger at more negative potentials,
where actually the ratio between the fast and tber omponent increases very much.
Because of these considerations the values forslhwe component were not considered,
although the deactivating part of the hook-like engrent was fitted with two exponentials in
order to obtain a better isolated fast componeht most three negative potentials were
considered (-120, -110, -100 mV), where fitting ctaation with two exponential functions
was also possible in PNs. At these three potent@sqeacrfor PNs and r-erg3 where very

close to each other, especially at -120 mV, whetkasvalues for r-ergla proved to be in
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average three times higher than those for PNs €T4bland significantly different from them.
As already mentioned, one other important paramétertime course of activation, can be
compared from the data published by Hirdeal.(2005). In terms of activation time constant

the difference between r-ergla and r-erg3 is mome two fold, r-erg 3 having the smallest

Tact among the four major isoforms. However, the ergenis in PNs, although certainly a

mixture of all four major isoforms, have the fasteg, which leads to the idea that additional
factors influencing the biophysical parametersadse present. In any case, it has been shown
that one could know what to expect from overexpngssne isoform more than others, as the
biophysical properties of the heteromultimeric aiela approach the values of the
predominant subunit (Huffaket al, 2009). No real average can be done between pieger
but since there are no qualitatively new propertaggproximations can be made concerning

the most probable subunit composition.

Apart from the comparisons made concerning thehyisigal properties of the erg current,
which show in all cases a close resemblance ofiRjarkeuron erg current to the r-erg3
current, it is also important to see how similag theterologous erg currents, activated by
different templates from PNs, are to the nativeentr Figure 29 shows that with the “ramp
firing” template all isoforms except r-erg2 carrypeominent current that can be activated
during the depolarization. Very similar to what heeen observed in PNs are the r-ergla and
r-erglb isoforms in terms of average current amgés (in the range of 30-40 pA); the
starting points of erg current activation are samibnd also the kinetics of the rising slope. In
the case of r-erg3, it seems that the kineticsraree robust and the channel activation occurs
also during each AP. It could very well be that therent activation appears to be robust
because of the large amplitude of the current. édlgethe HEK cells expressing r-erg3
subunits have more current being activated by #iel of template, an average of
approximately 350 pA, possibly because the actwatf the current takes place faster than

for the other subunits.

For each of the four erg channel subunits the raompent versus total current ratio was
calculated, which was in the range of 2-4% forgiex, r-erglb and r-erg2, and by far larger
for r-erg3 (15%). Only the ratio of the r-erg3 iswh, when used with the average PN erg
current amplitude activated by the ramp templaésy give a peak current at -100 mV of
realistic amplitude in a 5 KACSF (values close to the amplitudes measured Bil§ ACSF

averaging -169.86 + 18.5 pA, n = 7). The ratiostfar other three types of subunits would
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give values well beyond the mean peak amplitudd@® mV in 40 K (-712.08 + 97.2 pA,
n = 12), much larger than what would normally odoua 5 K ACSF.

Understanding how the erg currents could be inwlwveregulating spontaneous firing and
generally low frequency firing is just as importaRor this purpose a “spontaneous firing”
template from PNs was used on HEK cells expresdifigrent erg isoforms. With such a
template no distinguishable activation or accumaotatvas observed for r-erglb and r-erg2,
but both r-ergla and r-erg3 currents could be att/ (Figure 30). The activation occurred
mainly on the depolarizing slope leading to thrédheand after each AP the current was
deactivated and on the next slope it was activaggzdn. If the firing frequency was too low it
could take more than 3-4 APs until current accutiridbecame obvious. Therefore, with an
artificially created AP template (1.66 Hz), but smting of a long train of APs, accumulation
could be distinguished in the case of r-ergla. g3dvecause of its fast kinetics didn’t
accumulate. Of course, depending on the frequeses tor stimulation, r-erg3 could also be
determined to accumulate, just like it happenethencase of “ramp firing” clamp. This fact
could explain why in immature PNs accommodationfichg doesn’'t take place as it
happened in the case of P22-P42 animals. To tissitie of the response traces elicited upon
injection of 100 pA of depolarizing current was dises a template for HEK cell stimulation.
In this case, because of the high frequency fiend the large amplitude of r-erg3 currents,
accumulation was detected (Figure 32). However ghwlitude of the maximal current
influences accumulation; if the maximal current halerge amplitude and a fast activation,
then a big fraction of the current can be activatedng the depolarizing foot of an AP; and if
deactivation is not fast enough during repolar@atio deactivate the entire current, then

additional current will be subsequently activatedap.

The data from HEK293 cells have shown that thecemgents in Pukinje neurons are most
probably mediated to a great extent by the erg®iso because of the high similarity in
terms of activation Y, recovery from inactivation and fast deactivatione constants, also
concerning the current that can be activated inkd Solution by the “ramp firing” template,

and by the lack of current accumulation at lownfirfrequencies.
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4.4 The erg current in Purkinje neurons is moduddtg mGIluR1

Among the metabotropic receptors in Purkinje nesyonGluR1 receptors have been shown
to be involved in a series of important plastiptpcesses, like the PF-induced LTD (Hartell,
1994), LTP of inhibitory synapses (Sugiyaetaal, 2008) and regulation of CF connectivity
during development (Kanet al, 1998). Therefore the influence of their activatan the erg
current was tested using a specific agonist, nael?G. It has been previously shown that
DHPG application induces at most potentials a tesmisand a sustained inward current
component (Yamakawa & Hirano, 1999). A controveesysts around the mechanism that
generates such an inward wave. Everyone agreeshitya are multiple partners involved,
possibly in a voltage-dependent manner, some niegiahe component across a range of
potentials while others taking over at other patat So far the TRPC3 channels have been
involved in the generation of the transient componthe PNs of double KO mice lacking
such a component when DHPG was applied (Hartmainal, 2008). It has been also
suggested that the N&&* transporter might be involved as well, the outwasthsport of
Ccd" in exchange for Naproducing a net inward current (Knopéglal, 2000).

In the present study it has been shown that thecleagnels can be modulated by activating
the mGIuR1 receptors. Application of DHPG redudsel tnaximal current by approximately

50% and shifted the activation curve to the righabound 10 mV. By these two mechanisms
the erg current at the more negative potential$dcbe abolished by more than 70% and in

this way the impact of mGIuR1 activation on theitatiility of PNs could be even greater.

Since the main goal was to study the involvemertheferg current in the DHPG generated
inward wave, the neurons were clamped at -40 mdfder to activate a sufficient amount of
erg current. C4 was omitted for a better isolation of the erg comgnt. At this potential,
application of DHPG induces the same sequence afpoaents, first a transient/peak
component and subsequently a sustained componhefted application of DHPG, when the
cell response has reached the sustained phas&1Es18pplied to the bath, no further change
occurs, as if the DHGP has either blocked or mawvailable almost all the erg channels. If
E-4031 is applied on the neurons in the beginrimg blockage of an outward current occurs,
which would represent the steady-state erg cureerdilable at -40 mV. Subsequent
application of DHPG would only induce the genematiof the transient component

(Figure 34). This would indicate that the sustainethponent in the response to DHPG was
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actually due to the modulation of the available emgent. “Symmetrical” experiments were
done in the current-clamp mode, also in the absefd@&" in order to avoid firing. And
again, DHPG induced a transient and sustained depation, whereas the initial application
of E-4031 depolarized the cell and subsequent egmin of DHPG generated only a
transient depolarization (Figure 35). When 2 mM'Geas present in the external solution the
effects of E-4031 and/or DHPG were evaluated imseof firing frequency. When DHPG
was applied to the cell, a transient and a sudainerease in firing frequency could be
observed, but something was different when E-408% applied in advance. Generally it is
more difficult to control the membrane potential a@ffiring neuron and if the injected
depolarizing current is too large the cell wouldpstiring; therefore, the cells didn’'t respond
consistently to application of E-4031. In any caaéthe erg current that would have been
present in the beginning, would have been blockedhe application of E-4031, and the
subsequent application of DHPG should have indacey a transient increase in frequency.
But that was not the case; application of DHPQA stduced a sustained increase in firing.
And this fact can be explained by the existencarofdditional contributor to the generation
of the sustained component in the presence Jf.CBince the NHC&* transporter is
activated whenever there is an influx of"Cimto the cell, it could be the one responsible for
depolarizing the cell in a sustained manner whé" @ pumped out of the cell. The mGluR1
receptor requires the activation of G proteinshef G, type, as indicated by the total absence
of the slow EPSC in &—deficient mice (Hartmanet al, 2004). It is not know however,
what is the pathway from the activated mGIluR1 teeoilGPCRs to the erg channels in order
to determine their biophysical changes.
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5. Summary

Erg currents were studied in Purkinje neurons ahature (P5-P10) and young adult (P22-
P42) mice. In immature PNs, the erg current idalseest native erg current known so far. The
activation time constant of PN erg current provete faster than that of the currents carried
through heterologously expressed homotetrameri8 ehlgnnels (known to have the most
rapid time course of activation among the four elngnnel isoforms; Hirdest al, 2005).
Recovery from inactivation and deactivation timenstants were similar to the fast-

deactivating erglb and erg3 currents.

Using an electrophysiological approach it was fotimat the erg channels were functionally
present in all compartments of Purkinje neurona tmilar degree. This supports what was

previously shown in immunohistochemical studiesggtalorfet al, 2009).

Spontaneously active Purkinje neurons of immatureenresponded to the application of
E-4031 (erg channel specific blocker), in the ol-ceode, with an increase in firing
frequency (4 out of 10 cells). The P22-P42 mouskkiRje neurons, which exhibited a
bursting behavior, responded to the applicationEe4031, with a prolongation in burst
duration (which varied considerably) and a decreageterburst duration; the overall firing

frequency didn’t change.

When the immature PNs were depolarized with a sgpalse (100 pA), a sustained train of
APs was elicited, which showed little accommodafioncomparison to the P22-P42 mouse
PNs; Sacccet al, 2003). Application of E-4031, decreased the @rihreshold by 2 mV,
decreased the latency to firing initiation, and rggwed the interspike duration (the
instantaneous firing frequency for the first 11 AfRss significantly increased). The regularity
of the interbursts decreased in 25% of PNs, afpgli@tion of E-4031 in comparison to
control. When the immature PNs were depolarizedaftonger period with a ramp protocol
(0 - 200 pA, 1 s), the cells exhibited failure if® Airing in the absence of the erg current. In
the absence of the hyperpolarizing conductancéefetg current, the membrane resistance
increased, the cells were depolarized to a greattand, and more Nachannels became

inactivated. The AP-clamp (clamping the cells aietivariant voltages characteristic for an
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AP) experiments showed that during the AP firingeyated by a ramp pulse, the erg current

activated as depolarization progressed.

Experiments were made in HEK293 cells expressing anthe fours erg channel subunits:
r-ergla, r-erglb, r-erg2 and r-erg3. The biophysmaperties of the four erg currents
revealed that the current carried through homatetrec r-erg3 channels was similar to PN
erg current in terms of voltage dependence of atitia, recovery from inactivation and
deactivation time constants, and accumulation ptgse during sustained low frequency
firing (the r-erg3 current didn’'t accumulate sugpay the lack of accommodation seen in
immature PNs). From this it can be concluded thatrhajority of subunits participating to

erg channel constitution in PNs are of the erg@typ

Application of mGIuR1 agonist (DHPG), reduced thaximal erg tail current by 50% and
shifted the activation curve to more depolarizedeptials by approximately 10 mV. The
amplitude of steady-state erg current at -40 mV svaslar to the amplitude of the sustained
component of the DHPG-evoked current. When thechegnnels were previously blocked by
application of E-4031, only the transient componappeared upon application of DHPG,
suggesting that the sustained component at -40 @8/mediated by the erg channels.
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Zusammenfassung

Fur die Untersuchung von erg (ether-a-go-go-relaethe)-Stromen wurden Purkinje-
Neuronen von sehr jungen, unreifen Mausen (P5-Rib@d) juvenilen Mausen (P22-P42)
verwendet. Bei dem erg-Strom in unreifen Purkinpahdnen handelt es sich um die
schnellste Aktivierung von nativen Erg-Kanélen, diisher beobachtet wurde. Sie war
schneller als die Aktivierung von erg3-Kanalen, die Homotetramer in einem heterologen
Expressionssystem gemessen wurden (Hirelesl, 2005). Die Zeitkonstanten, die fir
Erholung aus der Inaktivierung und fur die Dealiung gemessen wurden, waren

vergleichbar mit den Zeitkonstanten der schnelktieé@renden erglb- und erg3-Kanéle.

Mithilfe elektrophysiologischer Methoden wurde baobtet, dass die erg-Kandle im Soma
und im Dendriten von Purkinje-Neuronen gleichmaarhanden waren. Dies bestétigt
immunhistochemische Untersuchungen von Hageredaf. (2009).

Unreife Purkinje-Neuronen zeigten in dé€&n cellKonfiguration Spontanaktivitat und
reagierten nach der Zugabe des spezifischen eigidndr E-4031 mit einer erhdhten
Feuerfrequenz (4 von 10 Zellen). Purkinje-Neuroaes juvenilen Mausen zeigten &uorst
Verhalten und antworteten nach Zugabe von E-403lemer verlangerteBurstDauer, die
einer erheblichen Schwankung unterworfen war, umere Abnahme derBurstfreien

Perioden. Die Feuerfrequenz insgesamt &ndertengibh

Durch Depolarisierung der unreifen Purkinje-Neuromeit einem Rechteck-Puls (100 pA)
wurde eine gleichmaRige Folge repetitive Entladangen Aktionspotentialen beobachtet,
die im Vergleich zu Neuronen aus juvenilen Mausgactoet al, 2003) eine nur geringe

Akkomodation zeigten. Die Applikation von E-403Iniedrigte das Schwellenpotential um
2 mV, verklrzte die Latenzzeit bis zum Feuerbegind verkirzte die Dauer zwischen den
Feuerereignissen (die instantane Feuerfrequenzdigirersten elf Aktionspotentiale war
signifikant erndht). Die Regelmafiigkeit dgarstfreien Perioden variierte nach Zugabe von
E-4031 im Vergleich zur Kontrolle in 25% der PuijkiNeuronen. Wenn die unreifen

Purkinje-Neuronen in einem Rampenprotokoll (0-200A) p fur eine langere
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Zeit depolarisiert wurden, folgten nach Blockade eig-Kanale keine Aktionspotentiale. In
der Aktionspotential-Klemme (Verdnderung der Membmannung zur Simulierung von
Aktionspotentialen) zeigte sich, dass wahrend detioAspotentiale, die durch ein

Rampenprotokoll herbeigeftihrt wurden, erg-Kanatevedt wurden.

Es wurden Experimente in HEK293-Zellen durchgefiiie jeweils eine der vier erg-Kanal-
Untereinheiten exprimierten: r-ergla, r-erglb, g2erund r-erg3. Beim Vergleich der
biophysikalischen Eigenschaften der vier Unterdienezeigte sich, dass der Strom, der in
Purkinje-Neuronen gemessen wurde, mit den Eigefiechaon r-erg3-Stromen in Bezug auf
Spannungsabhangigkeit der Aktivierung, Geschwingligter Erholung aus der Inaktivierung,
Deaktivierungskinetik und Akkumulationsverhaltencimaanhaltender, niedrig frequenter
Feuerrate vergleichbar war. Daraus folgt, dass elig3-Untereinheit vermutlich die

vorherrschende Untereinheit der vier Isoformenurkinje-Neuronen darstellt.

Die Applikation des mGIuR1-Agonisten DHPG reduzetien maximalen ergailstrom um
50% und verschob die Spannungsabhéangigkeit devidkiing um durchschnittlich 10 mV zu
depolasisierenden Potentialen. Die Amplitude 8e=ady stateerg-Stroms bei -40 mV war
vergleichbar mit der Amplitude der anhaltenden Komgnte, die nach Zugabe von DHPG
hervorgerufen wurde. Wenn die erg-Strome zuvor ldlEe4031 geblockt wurden, konnte
nach Zugabe von DHPG nur eine transiente Komporiabachtet werden, was den Schluss

nahe legt, dass die anhaltende Komponente dureKangle verursacht wurde.
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7. Appendix

7.1 Abbreviations

° C - grad Celsius

% - percent

ACSF - artificial cerebrospinal fluid
ADP - afterdepolarization

AHP - afterhyperpolarization

AMPA - a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

AP - action potential
AP-5 - (2R)-amino-5-phosphonovaleric acid

BK - big-conductance calcium dependent potassiuamicél

C57BL/6 - C57 black 6

Ce™" - calcium

CaCy - calcium chloride

[Ca®]; - intracellular calcium concentration
Ca, - voltage-gated calcium channel

Ceen - cell capacitance

cDNA - complementary deoxyribonucleic acid
CF - climbing fiber

CHO - Chinese hamster ovary cell

Cn - membrane capacitance

CNBD - cyclic nucleotide binding domain
Cnc pt- nucleated patch capacitance
CNQX - 6-cyano-7-nitroquinoxaline-2,3-dione
Chipette- Pipette capacitance

C-terminus - carboxy terminal end

DCN - deep cerebellar nucleus

At - time increase

DHPG - dihydroxyphenylglycine

DIV - daysin vitro

DNA - deoxyribonucleic acid

EAG - ether-a-go-gagyene

eag -ether-a-go-g@otassium channel
EGTA - ethylene glycol tetraacetic acid
elk - ether-a-go-gdike potassium channel
EPSC - excitatory postsynaptic current
EPSP - excitatory postsynaptic potential
erg -ether-a-go-gaelated gene potassium channel
ergPN - Purkinje neuron erg current

et al.- et alii

FBS - fetal bovine serum

GABA - gamma aminobutyric acid
GABAAR - A-type GABA receptor
GABAgR - B-type GABA receptor
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Glu - glutamate

GnRH - gonadotropin releasing hormone
GPCRs - G protein coupled receptors

H>0 - water

HEK293 - human embryonic kidney 293 cell line
HERG- human ergl gene

hK,11.1 - human ergl channel

Hz - Hertz

| - ionic current

lerc - €rg current k - slope factor

IFF - instantaneous firing frequency

iIGIuR - ionotropic glutamate receptor

In — hyperpolarization-activated cation current
Ik - rapidly activatinv potassium current

Iks -slowly activating potassium current

lpeak- pe@K Current

Isustainec SUStained current

K" - potassium

K2p - 2-pore potassium channel

[K™]i - intracellular potassium concentration

[K™]o - outside/extracellular potassium concentration

KOH - potassium hydroxide

Kca- calcium-activated potassium channel
KCI - potassium chloride

Kcnh2 - mouse ergl gene

KCNH2 - human ergl gene

KCNH2-3.1 — primate-specific ergla-3.1 isoform
Kcnh6 - mouse erg2 gene

Kcnh7 - mouse erg3 gene

kHz - kilohertz

Kir - inwardly rectifing potassium channel
KO - knock-out

Ky - voltage gated potassium channel

K\1 - Shakefrelated potassium channels
Kv3 - Shawpotassium channel

K,10 - eag channel subfamily

Ky11 - erg channel subfamily

Kv11.1 - ergl potassium channel

Kv11.2 - erg2 potassium channel

Kv11.3 - erg3 potassium channel

K\12 - elk channel subfamily

LB - lysogeny broth

LH - luteinizing hormone

LQT - long QT syndrome

LQT2 - KCNH2 associated LQT syndrome
LTD - long term depression

LTP - long term potentiation

M1-M4 - transmembrane domains 1-4
Mg** - magnesium

MgATP - magnesium adenosHd&triphosphate
MgCl, - magnesium chloride
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MGIuUR - metabotropic glutamate receptor
MNTB - medial nucleus of the trapezoid body
UM - micromolar

mM - milimolar

MQ - megaohm

MRNA - messenger ribonucleic acid

ms - milisecond

mV - milivolt

MVNnR - medial vestibular nucleus neuron
n - number

nA - nanoampere

Na’ - sodium

NaATP - sodium adenosiAg-triphosphate
NasGTP sodium guanosiFg-triphosphate
NaCl - sodium chloride

NaH,PO, - sodium dihydrogen phosphate
NaHCGQ; - sodium bicarbonate

[Na']; intracellular sodium concentration
NMDA - N-methyl-D-aspartic acid
NR-ISH - nonradioactive in situ hybridization
n.s. - not significant

N-terminus - amino terminal end

O, - oxygen

ORF - open reading frame

p - probability

P - postnatal

PA - picoampere

PAS - Per-Arnt-Sim domain

pF - picofarad

PF - parallel fiber

PLL - Poly-L-Lysine

PTX - pertussis toxin

r - rat

Raccess @CCESS resistance

r-erg - rat erg channel

R: - feedback resistance

Rieak - leak resistance

Rm - membrane resistance

RNase - ribonuclease

RP - rebound potentiation

Rpatch- patch resistance

Rpipette- Pipette resistance

S - second

S1-S6 - transmembrane domains 1-6

SK - small-conductance calcium dependent potasshannel
SOC - Super Optimal broth with Catabolite reprassio

Trec - F€COVery from inactivation time constant
Tdeac- deactivation time constant
Tdeacr- deactivation time constant of the fast curremhponent

Tdeacs- deactivation time constant of the slow curreasrhponent
TBOA - threo-b-Benzyloxyaspartic acid
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TRH - thyrotropin releasing hormone

Tris-HCI - tris(hydroxymethyl)aminomethane, hydrtmide
TRPC3 - C3-type transient receptor potential chenne
TTX - tetrodotoxin

V12 - potential at which the current is 50% of the maxm
V. - voltage command

Vm - membrane voltage

7.2 Table of drug concentrations

Drug Action Concentration (UM)
E-4031 erg channel blocker 1/5
AP-5 NMDAR antagonist 50
CNQX AMPA/Kainate receptor antagonist 10
Bicuculline GABAnR antagonist 20
(S)-3,5-DHPG mMGIuRI agonist 50
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