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ABSTRACT

Expression and Function of Ca™ Channels in
the Autonomic Maor Pelvic Ganglion Neuron
Innervating the Urogenital System

Won, Yu-Jin
Dept. of Medicine
The Graduate School

Yonsei University

Among the autonomic ganglia, the major pelvic gengIMPG) innervating the
urogenital system are very unique since both syhmtiat and parasympathetic neurons
are colocalized within one ganglion capsule. Symg#a MPG neurons are
discriminated from parasympathetic ones by expoessif low voltage-activated €a
channels that primarily arise from the T-typdH isoform and contribute to generation
of low-threshold spikes. MPG neurons expressedstrgpts encoding all of the HVA
ca* channel isoforms oldB, alC, alD and alE) with the exception of thexlA.
Unexpectedly, the expression profile of HVA “Cachannel isoforms was identical in
the two populations of the MPG neurons. Interesfinthe R-type C3 currents were
sensitive to NiG, but not to SNX-482 which was able to potently diothe

recombinant alE/B.a/B; ca*  currents expressed in HEK 293 cells. RT-PCR

- viii -



amplification revealed that the MPG neurons exm@sthe alternative splicing variant
of the alE which has a shorter II-lll loop and a longer mdaC-terminus when
compared with the originally cloned rat version $45%3), which is reminiscent of the
SNX-482-resistant celebellum type (called as Rc, G3alEe).

Sympathetic and parasympathetic MPG neurons shomic t@and phasic firing
patterns in response to prolonged current injecti@spectively. The firing patterns of
the sympathetic and parasympathetic MPG neurons regelated by Cfé—dependent
channels activities. RT-PCR analysis revealed tila¢ MPG neurons expressed
transcripts encoding the small conductanceé*@etivated K channels, SK2 and SK3
isoforms and the large conductance”Gmtivated K channels, BK a an, subunits.
The SK channels were found to be responsible foneggion of medium AHP
(mAHP), while the BK channels were for repolarieati of action potential and
generation of fast AHP in the MPG neurons. Applaatof w-conotoxin GVIA, an
N-type C&" channel blocker enhanced firing of action potéstion both sympathetic
and parasympathetic neurons by reducing apamirtisensane and mAHP. Conversely,
nimodipine, an L-type C& channel blocker greatly reduced the firing frequerby
enhancing Cl channel blocker-sensitiveade and AHP in the sympathetic neurons with
little affecting that in the parasympathetic on&dCh, a non-specific Ca channel
blocker, exerted negligible effects on firing ofetlsympathetic neurons, which might
be resulted from the opposite effects @fconotoxin GVIA and nimodipine. Taken
together, these results suggest that in the sympathand parasympathetic MPG
neurons, C& influx through L- and N-type CGa channels contributes to regulation of
excitability through differential coupling to &aactivated K and CI channels,

respectively.



In conclusion, MPG neurons functionally expressed N- and R-type HVA C&

channel isoforms that contribute to regulation efumonal excitability in different ways

Key Words : Major Pelvic Ganglion, Calcium, Voltage activat€d” channel,
C&" activated K channel, Afterhyperpolarization (AHP), neuronakieability



|. INTRODUCTION

1.1. Characteristics of the mgor pelvic ganglion

The pelvic plexus provide autonomic innervatitn the urogenital system including
the descending colon, the urinary bladder, and gkternal genitalia (Dail et al. 1983;
Langworthy 1965). The pelvic plexus consists ofoaomic ganglia as well as axonal
pathways that convey afferent and efferent sigmesveen the CNS and the peripheral
target organs. Therefore, the pelvic plexus mesliaetonomic visceral reflexes such as
urination, evacuation, ejaculation, and erectiomai(Det al., 1983). Accordingly, it is
important to understand the precise neuronal c¢irand neural regulation of the pelvic
plexus for treatment of dysfunctions of pelvic argasuch as urinary incontinence,
constipation, and impotence. Pelvic ganglia in masimal species are widely dispersed
among the pelvic viscera. Exceptionally, pelvic geon neurons in male rat are
located in a pair of one large ganglion called thejor pelvic ganglion (MPG)" (Fig
1) and "paracervical ganglion” in the female. TheP® are located on the lateral
surfaces of the prostate gland and contain sigmiflg larger number of ganglion cell
(about 30,000) than paracervical ganglion (about0d®@ (Greenwood et al., 1985).
Because the MPG are morphologically simple, it bagen widely used in a variety of
anatomical, pharmacological and physiological ssdi Many previous studies have
reported that anatomical and functional plasticiof the MPG are observed in
pathophysiologically complex processes such as udgsbn of micturation and
impotence (Groat and Booth, 1992). For examplesstrottion of bladder outlet
produces marked hypertrophy of the MPG neurons rimtiag the bladder (Groat et
al.,, 1992). Decreased testosterone levels by tastraeduced erectile response of the

MPG neurons, and resulted erectile dysfunction I&vidt al., 1992; Giuliano et al.,

_‘I_
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Fig. 1. Location of the major pelvic ganglia in rat (Maggi, 1993, Nervous Control of

the Urogenital System)



1993). Therefore, the MPG neurons provides a usefatlel system for studying the
autonomic control of pelvic organs during normal gmathological conditions.

The most prominent feature of the pelvic gangbka that both sympathetic and
parasympathetic neurons reside in one ganglion utapfKeast, 1995). According to
earlier studies, the MPG neurons can be distingdisthe cell types of based on
properties such as cell size, tyrosine hydroxylasenunoreactivity, and expression of
T-type C&" channels (Zhu et al., 1995).

It was established that €ainflux through voltage-activated &achannels plays
important roles in control of neurotransmitter esle and excitability in autonomic
ganglia neurons (Hirning et al., 1988; Toth et dl993). Therefore, studies on Ca
channels and their modulation in the MPG is neagsstor understanding the
physiology and pathophysiology of the urogenitabteypn. Smith and Cunnane (1996)
have shown that multiple high voltage-activated &)V C&" channels control
neurotransmitter release from postganglionic syhmgiat neurons in guinea-pig (Smith
and Cunnane, 1996). Recent studies have shown Thgpe C&" channels mainly
arise from the Ni and ZA"- sensitivealH isoform in the MPG neurons. This study
has shown thatalH T-type C& currents contribute to generation of low-threshold
spikes in the sympathetic MPG neurons (Lee et 2002). However, to date, it still
remains unknown which isoforms of HVA €achannels are functionally expressed in
the MPG neurons. More importantly, functional roles HVA ca* channels in

regulation of on excitability still remains unansee.



1.2. Classification and characteristics of voltage-activated Ca*

channels

In neuronal cells, the €aion is an important second messenger for intraleell
signal transduction (Somlyo et al.,, 1994). Rises intracellular ca trigger a wide
variety of processes including neuronal excitahilineurotransmitter release, secretion
of hormone, regulation of synaptic plasticity, mascontraction, gene expression, cell
growth, development, survival and apoptosis. Altfiouthere are many channels
involved in controlling intracellular CGa levels, C& influx across the plasma
membrane primarily occurs through voltage activaed” channels (VACCs). Based
on their activation threshold, VACCs can be dividédto two main groups, low
voltage-activated (LVA) and high voltage-activat@dVA) Ca’* channels.

In general, VACCs are be composed of the porenifig al subunit and different
auxiliary subunits- B, 020 and y (Fig. 2). The al pore forming subunit is a
transmembrane protein organized into four domaindV)( each containing six
transmembrane segments -(&). The [ subunit is entirely cytoplasmic and has a
molecular weight of 52~78 kDa. The diversity of *Cahannel structure and function
is substantially enhanced by multiple subunits. Four(3 subunit genes have been
identified. The different3 subunit isoforms cause increment of current angiituand
shifts in the kinetics and voltage dependence dfnga which can substantially alter
the physiological function of aml subunit (Pichler et al., 1997). Thed subunit has
a molecular weight of 140~170 kDa and consists wb tdisulphide-linked peptides,
encoded by same gene (Jongh, et al., 1990), amdeimbrane-anchored with a heavily
glycosylated extracellular domain. Genes encodingr faz5 subunits @261-4) have
been identified (Klugbauer et al 1999), functiormalexpression of th&.5 subunit with
various combinations ofal and B subunits results in an increase in the current

densities or dihydropyridine (DHP)-binding sitesin@er et al.,1991; Welling et al.,



1993), acceleration of current activation and iivation, and a shift of the
voltage-dependence for gating in a hyperpolarizitigection (Singer et al., 1991; Felix
et al., 1997). Finally, fourth subunit; has been recently described in skeletal muscle
(Glossmann et al., 1987) and neuronal cell (Lettale 1998), These are composed of
four transmembrane segments and cytoplasmic N-artdrn@ni. Until now, eighty
subunits (32 kDa) have been reported. Although ftivectional roles have not yet been
completely elucidated,y subunits downregulate &a channel activity by causing a
hyperpolarizing shift in the inactivation curve &k, 2003).

VACCs have been classified into five essentiaugs, termed T, L, N, P/Q and R
according to their elecrophysiological and pharntagical properties (Ellinor et al.,
1993; Fox, et al, 1987; Usowicz et al., 1992; #fillet al.,, 1992). Until now,
molecular cloning studies have revealed ten distigenes encoding differentil
subunits which are now classified into three sulifem (Table 1) : Cd (01C, alD,
alF, alS), Ca2 (alA, alB, alE), and C#8 (0l1lG, alH, all), (Catterall et al. 2003).
The Cal subfamily encodes HVA L-type channels. Of theZCaubfamily, alA, alB,
and alE genes correspond to HVA P/Q-, N-, and R-typennkbs, respectively. The
members of the G& subfamily correspond to LVA T-type &achannels. Generally,
each neural tissue displays its own expressionilpraf VACCs compounding different
isoforms.  Since  HVA Ca channels, i.e. L-, N-, P-, Q- and R-types, show
overlapping biophysical properties, use of specificarmacological tools is crucial in
probing each type of HVA CGa channel.

The biophysical properties of L-type currentsrevdirst reported for chick dorsal
root ganglion neurons in 1985 (Nowycky et.al. 19&8)d L-type VDCCs were shown
to be widely distributed in all types of cells egtefor platelets. In sensory neurons,
L-type C&" currents showed a slight inactivation during amlon of 200-msec
depolarization pulses, the decay time constant gbeinigher than 500 msec

(Long-lasting), (Fox et al., 1987). The current ibegto inactivate at holding potentials



more positive than -60 mV and, when elicited fromhading potential of -60 mV, it

reaches its maximum amplitude around +10 mV. L-typleannels are ubiquitous,
particularly in skeletal and cardiac muscle, whdarey play an essential role in
excitation-contraction coupling (Flockerzi et al982). Pharmacologically, L-type €a
channels can be identified by use of dihydropyedinsuch as nifedipine and
nicardipine (Bean 1984).

N-type C& channels are widely distributed in “N"eurons (“Ntteer L nor T). In
dorsal root ganglion neurons (Fox et al.,, 1987¢ MNhitype channel is distinguished by
having a conductance of 13 pS, a range of inamivabetween -120 and -30 mV,
and a decay time constant between 50 and 80 mgeedoisal root ganglion neurons,
the N-type CH current was isolated from other Cacurrents and recorded simply by
adjusting the holding potentials and the test pattn (Ferroni etal., 1989). Although
N-type C&" currents with various biophysical characteristitave been described, the
greatest variety in inactivation rates were rembri@ith range from 100 msec in
sympathetic neurons when measured in equivalentlaliv ion concentrations. The
N-type VDCC plays a role in some forms of neurcdraititer release (Miller, 1987).
Direct measurement of &a currents from the presynaptic terminal region die t
chicken ciliary ganglion calyx synapse showed ttie predominant Ca channel has
pharmacological characteristics similar to those MNftype channels (Stanley and
Atrakchi, 1990). N-type channels are highly sewmsitito w-conotoxin GVIA isolated
from the fish-hunting sea snail (Olivera et al. 4p9

P/Q-type CH channels termed "P" because it was first described'P"urkinje
cells in 1989 (Llinas et al., 1989). P-type “Caurrents activate above -50 mV, peak
at around +10 mV, and display very little if anyaativation over a period of one

second. In contrast to the N-type channel, the pe-tghannel has a unique monovalent



ion selectivity in the absence of divalent cationBhe sequence from the most
permeable to the least is: R Na' > K" > Li* > CS. In 1995, Randall and Tsien

reported subsequent designations of the Q—typé+ Channel as a separate category.
Because Q-type current is rapidly inactivated, afjuires prior elimination of P- and
N-type C&" current components before it can be studied idafism (Randall and

Tsien, 1995). Immunohistological studies have shothat the P/Q-type channel is
widely expressed in the mammalian central nervoystesn and that the channel
appears to serve both as a generator of intringiivity and as a modulator of

neuronal integration and transmitter release (Liuak, 1996) P- and Q-type channels
are identified by application of a spider toximy-agatoxin IVA at low and high

concentrations, respectively (Bourinet et al. 1999)

The existence of an LVA Gacurrent was first discovered in 1981 in neurons of
the guinea pig inferior olivary nucleus using icgHular sharp electrodes (Llinds et
al.,, 1981). T-type channels start to open with webdpolarizations reaching voltages
much more negative than those required to activateer VDCCs, and the currents
elicited are "T"ransient. Whole-cell recording froohick and rat dorsal root ganglion
neurons has shown that the T-type current is detivaat approximately -50 mV and
reaches its maximum value between -40 and -10 mVhan@el inactivation is
prevented at very negative potentials, while chhrogening is inhibited at a holding
potential more positive than -60 mV. These low agé-activated (LVA) and might be
important for cardiac pacemaker activity and theillagory activity of several thalamic
neurons. Ni' sensitivity is not reliable parameter by which iteentify T-type currents
because there is a high variability of sensitivitl different expressed subunits to*Ni
and L-type channels can also be blocked b§+ NErtel, 1997). New drugs such as

mibefradil, are being proposed as relatively specil-and R-type C& channel



blockers (Clozel et al.,, 1999), although furthepexmentation also required to confirm
the selectivity.

R-type (termed as the following letter of "R"d@miag channel) currents are defined
as the residual HVA C& current observed after the application of toxinsatt
selectively block N-, L-, P-, and Q-type curren®Beérson et al., 1995; Zhang et al.,
1993). Due to their insensitivity to pharmacologiddockers, R channels remain less
well characterized. The biophysical properties loi tcurrent are difficult to distinguish
from N- and Q-type currents in the whole-cell moddere are even some parameters
that are reminiscent of T-type currents (decay ticoastant of inactivation: 22 msec at
0 mV). R-type current are found to be relatively rencsensitive to nickel than other
HVA Ca* channels. Recently, another spider toxin calledX&82 is available for
selectively blocking R-type calcium channels (Nembo et al.,, 1998). However,
splicing variants of R-type €a channels resistant to SNX-482 also have been
described in some central nervous system neuramsh ®s retinal ganglion neurons,
hippocampal CA1 neurons, and cerebellar granuleromsu (Newcomb et al., 1998;

Tottene et al., 2000; Sochivko et al., 2002).
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Fig 2. Structure of the voltage-dependent Ca®* channel.

The prototypical HVA voltage-dependent ‘achannel consists of at least three
subunits. Theal pore forming subunit is a transmembrane protegamzed into four
domains (I-1V), each containing six transmembramgnsents (X 6). The cytoplasmic
B subunits bind to the 41l loop. Associated with theal subunit are the entirely
intracellular B subunit, the four times membrane traversipgsubunit, and thea6
(proteolytically cleaved intoa, and 6). 026 subunit pairing consists of the single
transmembrane crossing subunit disulfide linked (S-S) to the entirely extellular a;

subunit. (Randall and Benham, 1999, Mol.Cell. Neui¢ 14:255-272).



Table 1. Nomenclature and pharmacology of voltage-activated Ca®* channels.

Numerial Cdcium | Name of o .
o Distribution Specific blocker
Classificaion current type al genes
Cal.l als skelectal muscle
Cal.2 alC heart/smooth muscle
L DHPs

Cal.3 alD neurons/endocrine

HVA Cali4 alF retina
Caz.l P/Q alA w-agatoxin IVA
Ca2.2 N alB neurons w-conotoxin GVIA
Ca2.3 R alE SNX-482
Ca3.l alG neurons

LVA Ca3.2 T alH neurons/heart no specific blocker
Ca3.3 all neurons
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1.3. Voltage activated Ca&”" channels and neuronal excitability

cd” signals act as intracellular second messengets atea capable of mediating a
range of cytoplasmic responses, including releakenaurotransmitter, Ca dependent
gene transcription and to regulate neuronal extiitab Especially, C& activated ion
channel were known to generate the afterpotentfallowing a single spike action
potential or a spike train. Afterpotential can naelithe negative or positive regulation
of excitability (Sah P, 1996; Storm., 1990; Azouz &., 1996; Caeser et al., 1993).
Activation of C&  activated K channels are particularly important for negative
regulation of excitability. K channels generate outward currents that outlastatttion
potentials and tend to hyperpolarize the cell, tlgenerating afterhyperpolarizations
(AHPs). These AHP generating Caactivated K currents are essential determinants of
refractoriness, inter-spike interval durations anajectories and spike timing, discharge
patterns and discharge frequencies. Converselynimgpeof C4&" activated Cl channels
are important to positive regulation of excitabilitinward currents evoked by €a
activated Cl channels can generate afterdepolarizations (AD#Pg) facilitate extra
spikes and bursts. Therefore, ADPs inducing by”CBactivated Cl channel increased

neuronal excitability.
1.4. Characteristics of Ca**-activated K* channels

Three subclasses of Cactivated K channels called BK, SK, and IK channels
have been identified based on biophysical and paeofogical properties (Sah, 1996).
BK channels with large conductances called "MaxiKdve been first described and
found to be abundant in smooth muscles (Marty, L19&Imilar to other type of ion
channels, BK channels consist of two distinct sifsuro and 3, which are arranged

in a 1:1 stoichiometry (Knaus et al., 1994). Thesubunit is the pore-forming unit
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whereas thep-subunit is the regulatory unit. Whereas only omesubunit has been
identified until now, four putativep-subunit types have been clone@1{34). BK
channels are highly Kselective and have single channel conductancef06£400 pS
and require both Ga and membrane depolarization for activation (Mad@81). These
ca* and membrane potential-dependent properties ateatrfor feedback regulation
of excitability by activation of BK channels. Seakrpharmacological blockers of BK
channels are known: tetraethylammonium (TEA) atlimdlar range concentration
(Blatz and Magleby, 1987), and the two scorpionwael peptides, charybdotoxin and
iberiotoxins (Galvez et al., 1990). Recently, thecotoxin paxilline and penitrem A
have also been described to block the BK channtsolfaek et al., 2000). Of these
ones, iberiotoxin and paxilline are selective foe tBK channels (Giangiacomo et al.,
1992), while the other ones non-specifically blaknumber of other Kchannels.

The second type of small Eactivated K channel called SK channels, has a
single channel conductance of-20 pS (Blatz and Magleby, 1987; Lang and Ritchie,
1987). SK channels are activated by rises in cyios€a" with half maximal
activation in the 400 800 nM range of Ca (Blatz and Magleby, 1987). Unlike the
BK channels, the SK channels are voltage-indepdnded insensitive to TEA at low
concentrations, charybdotoxin, and iberiotoxin. l@er, the SK channels are potently
blocked by apamin, a bee venom (Blatz and Maglet§87; Romey et al., 1984),
tubocurarine, and quaternary salts of bicucullindohfison and Seutin, 1997).
Furthermore, 1-ethyl-2-benzimidazolinone (1-EBIOGdshbeen found to activate the SK
channels by altering their &asensitivity and open probability (Olesen et al994).
Since SK channels were first described in skeletalscle (Romey and Lazdunski,
1984) they have been found in many other tissuesn fneurons to smooth muscle
(Kohler et al., 1996).

The third type of Cé-activated potassium channel has an intermediabglesi
channel conductance (2QL00 pS) (Ishii et al., 1997; Joiner et al., 1997Mhese

channels was called IK (intermediate conductancbanoels and have only been
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identified in a few non-neuronal cell types, in tgardar epithelial and red blood cells
(Ishii et al., 1997). IK channels have been poodiudied due to their sparse
distribution. 1K channels are also voltage-indepmrtdand activated by cytosilic €a

Their pharmacological profile has shown sensitivity charybdotoxin, clotrimazole and

1-EBIO, but not to apamin and iberiotoxin (Ishii a&ft, 1997).
1.5. Characteristics of AHPs induced by Ca™*-activated K* channels

Three classes of AHPs - i.e. fast afterhypemnpdton (fAHP), the medium AHP
(mAHP), and the slow AHP (sAHP) could be distindpeid based on their time course
and pharmacological properties. The fAHP is actidaimmediately during the action
potential and lasts several tens of millisecondee TNAHP is also activated rapidly
(<5 ms) but decays with a time course of severahdhed milliseconds. The sAHP
rises to a peak over several hundred millisecomis @an last up to 5 s following an
action potential. The sAHP is more commonly seelioiong a train (4-10) of spikes
(Faber et al., 2001), although it has been deatritedowing a single action potential
in some neurons (Sah and McLachlan, 2003).

All three types of AHP are known to be produdeyl activities of C&-activated
K" channels. The current underlying the fAHP has beamed Ic. This current is
voltage-dependent (Adams et al., 1982) and blockgd TEA at low concentrations,
iberiotoxin, and paxilline suggesting that the uhdeg channels are BK-type channels
(Adams et al.,, 1982; Lancaster and nicoll, 1987).ntany neuronal cells, BK channel
inducing fAHP contribute to repolarization of theembrane which limits further éa
entry. Two types of BK channel have been reportectomling to biophysical
properties. Cerebellar purkinje cells have type K Bhannels with fast deactivation
gating after action potential repolarization (Sweansand Bean, 2003), whereas

hippocampal CA1l pyramidal cells and lateral amygdaheurons have type II BK
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channels with slow deactivation gating after actipotential repolarization (Shao et al.,
1999; Faber and Sah, 2003). Especially, the typeBK channel is resistant to
iberiotoxin and charybdotoxin. Heterogenous coesqion of the accessory BR4
subunit with BKea subunits confers pharmacological and biophysicklgiproperties
similar to those of type Il BK channels (Meera ¢t 2000; Behrens et al., 2000).

In contrast, the mMAHP is blocked by apamin buit BK channel blockers
indicating involvement of SK channels (Sah and Mitilan, 2001). The mediumade
underlying the mAHP (Adams et al.,, 1982) peaks digpifollowing cd” influx (<5
ms) and decays with a time constant of 50 to sévetmdred milliseconds (Sah,
1996). Activation of SK channels produce mAHP whish responsible for generating
the phenomenon of spike frequency adaptation (lsiecaand Nicoll 1987; Sah, 1996;
Storm, 1987, 1990). Until now, three types of SKbumits (SK1-3) isoforms have
been identified. These subunits are assembled atherei homomultimer or
heteromultimer, that have similar properties ofagnl Moreover, the distribution of SK
channel subunits closely mirrors the distributioh rolane type currents (Stocker et.al.,
1999; Stocker and Pdarzani, 2000). Even though ekact subunit composition of
mlawp has not been determined, recent studies have siegigehat SK3 channels are
the major contributors to the mb in neurons of the rat dorsal motor nucleus of the
vagus (DMV) (Pedarzani et al., 2000), midbrain dopeergic neurons (Wolfart et al.,
2001), and superior cervical ganglion neurons (Eioéset al., 2001).

The slow AHP (sAHP) has much slower kinetics nthemAHP and is solely
mediated by a slow Ga activated K current known as she. The time course of
activation of slyp lasts up to~500 ms, its time constant of decay is in the ranfe
1-4 s. The kinetics of the sAHP current are strpnggmperature-dependent (Sah,
1996). The skp is voltage-independent and activated by?'Caither directly or
through C4& induced CH release depending on the neuronal subtypes (Sah an
McLachlan, 2001). The glp is not blocked by apamin or TEA, while agb is

modulated by a range of neurotransmitters and skecoressenger pathways (Sah,
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1996). The identity of the channels that underle tshup remains unclear although
SK1 was initially reported to be apamin-insensitiad suggested that these channels
could underlie the she (Marrion and Tavalin, 1998). Recent studies hasported that
the accumulation of Naduring a burst of action potentials that leadsatgrolonged
SAHP also progressively increases “Nactivated K (Kna) currents during the burst
itself, leading to adaptation of firing rate durirtbe burst in neurons of the visual
cortex (Sanchez et al., 2000). Physiologically, teAHP is responsible for spike
frequency adaptation in a number of neuronal CBEfle presence of the sAHP leads to
a progressive slowing of the discharge frequencyl aventual cessation of action
potentials (Madison and Nicoll, 1982; Sah, 1996bdfaand Sah, 2002). Thus, the
presence of she allows for a greater level of control over theinfiy properties of

neurons.

1.6. Characteristics of Ca**-activated CI” channels

Cd*-activated Cl channels (CaCC) are expressed in a variety of tgfles,
including epithelium, cardiac, smooth muscle, anent@al and peripheral neurons.
Recent studies have demonstrated that €lannels are involved in regulation of
physiological functions, including cellular excitity, cell volume homeostasis,
intracellular organells acidification, cell migrmati, proliferation, differentiation, and
apoptosis. Although CaCC have been studied for mdnan 20 vyears, their
physiological roles and mechanisms of regulationvehaemained unclear because
specific blockers are not available yet. Electragpblpgical studies suggest there may
be several kinds of CaCC, but their molecular idiesst also remain in question.
Therefore, the Céactivated Cl channel family (CLCA) remains a highly contentious
candidate for CaCCs. The first reported clone ofidadates for CaCCs from bovine

tracheal epithelium, was bCLCA (Cunningham et d995). This prototype was
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followed by cloning of other members of the CLCAmily : the endothelial adhesion
protein Lu-ECAM-1 (bCLCA2), the bovine bCLCAL2, nme mCLCAl-4, pig
pCLCA1, human hCLCA1l-4, and rat rCACL1 proteins Yazaki et al., 2005; Jeong
et al.,, 2005).

Even though the function of CaCCs in neurons aiampoorly established, it has
been suggested that they are involved in actiorerpiail repolarization, generation of
afterdepolarization, and membrane oscillatory b&frav-or examples, in cultured spinal
cord neurons, CaCCs were first identified (Owenakt 1987). CaCCs conductances in
spinal neurons are shown 50 n&; B spinal neurons is near-60 mV (Barker and
Ramson, 1978; Hussy, 1992) so that activation of €urrents tends to stabilize the
resting voltage or, if activated during the actigotential, to hyperpolarize the
membrane. Accordingly, CaCCs accelerate repolésizaiand, because of the slow
inactivation kinetics, prevent repetitive firing darprolonged trains of action potentials
in spinal neurons (Barker and Ransom, 1978; Bixby &pitzer, 1984). A number of
studies have shown that a subset of DRG neuronsessgs CaCCs. The CaCCs
conductance in DRG neurons is quite large; roughly30 nS has been measured in
cells loaded with ClI (Mayer; 1985). Such a profound change of membrane
conductance is expected to significantly moduldiectdcal excitability of the cell. &
of DRG neurons was about-30 mV (Deschenes et al, 1975) and, consequently,
depolarize upon activation of CaCCs. Previouslydistsl repoted that slow, depolarizing
after-potentials have been described for DRG neur@@rain, 1956) and are probably
mediated by CaCCs that open during action potentihen [CAY: is raised (Mayer,
1985; Scott et al., 1994). In addition many studiese suggested correlation between
neuronal excitability and afterdepolarization bgtization of CaCCs in postnatal rat
sensory neurons, sympathetic ganglion cells, ratos@® ganglion neurons and pituitary
cells (Mayer, 1985; De Castro et al., 1997; Larerast al., 2002; Korn et al., 1991).

Specific pharmacological tools, often in the nfiorof biological toxin with a high

affinity and selectivity, have been an invaluabkset in the identification of channels
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and in the study of their structure and functiomfdtunately, there are no equivalent
tools for CaCCs. Most of chemical compounds thaickl CaCCs suffer from lack of
selectivity and/or low affinity. However, in spitef potential difficulties, a wide variety
of CI' channel blockers have been used to identify’ Gativated Cl current including

niflumic acid, DIDS, SITS, NPPB, 9-AC, NPA (N-phdagthracilic) and mibefradil.
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1. PURPOSES

The MPG neurons very very a useful model system studying the autonomic
control of pelvic organs during normal and pathaaf conditions. Therefore, studies
on C&" channels and their modulation in the MPG is neags$or understanding the
physiology and pathophysiology of the urogenitalstegn. To date, it still remains
unknown which isoforms of HVA C& channels are functionally expressed in the
MPG neurons. More importantly, functional roles ld¥A Ca’* channels in regulation
of on excitability still remains unanswered. Theref the purposes of this study was
to investigate expression and function of HVA “Cachannels in MPG neurons
innervating urogenital system. At first, 1) to istigate functional expression of HVA
Cd" channel isoforms in the MPG neurons using phartogaal and molecular
biological tools. To understand function of HVA %Cachannel in regulation of
excitability in the MPG neurons, it was necessalyt@ investigate basic mechanism
underlying spike firing in sympathetic and paraswthetic MPG neurons. Finally, 3)
to investigate functional roles of the particularVAl Ca’* channels subtypes in

neuronal excitability of the MPG neurons.

_18_



1. MATERIALS & METHODS

3.1. Isolation of the MPG neurons.

Single neurons of the MPG were enzymaticallysalisated as described previously
(Lee et al. 2002). Briefly, male Sprague-Dawleysr§t50-200g) were anesthetized with
pentobarbital sodium (50 mg/kg i.p.). The MPG walissected out from the lateral
surfaces of the prostate gland and placed in co#hkié balanced salt solution. The
ganglia were then desheathed, cut into small pjeemsl incubated in the modified
Earle’s balanced salt solution (EBSS, pH 7.4) dairig 0.7 mg/ml collagenase type
D, 0.1 mg/ml trypsin (all from Boehringer MannheiBiochemicals, Indianapolis, IN),
and 0.1 mg/ml DNase Type | (Sigma Chemical Co.,L8tis, MO, USA) in a 25
cn? tissue culture flask. The flask was then placedairshaking water bath at 35 °C
for 55 min. The EBSS was modified by adding 3.6 lmgflucose, and 10 mM
HEPES. After incubation, ganglia were dispersedo irtingle neurons by vigorous
shaking of the flask. After centrifugation at 50gxfor 5 min, the dissociated neurons
were resuspended in minimum essential medium (MEdhtaining 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (all froCambrex Bio Science, Inc,
Walkersville, MD, USA). For measurement of currenteurons were then plated onto
polystyrene culture dishes (35mm) coated with [@dllysine and maintained in a

humidified 95% air-5% C@ incubator at 37 °C until use.
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32. Transent expression of Ca" channd alE in Human

Embryonic Kidney (HEK) 293 cells.

The plasmid cDNAs encoding ratlE (rbEll, GenBank accession number L15453)
were in pMT2 (Genetics Institute, Cambridge, MA, A)S rat B.a (M 80545)
(Perez-Reyes et al., 1992) and m6: (M 86621) (Kim et al. 1992) in pCDNA3
(Invitrogen, Carlsbad, CA, USA), and green fluossme protein (GFP) in pEGFP-N1
(Clontech, Cambridge, UK). The human embryonic &dn(HEK) 293 cells were
grown in standard Dulbecco’s modified Eagle’s mediinvitrogen) supplemented with
10% FBS (Cambrex), 100 mg/mL streptomycin, and 210@its/mL penicillin
(Cambrex). HEK 293 cells in 90% confluence wereitsplith 0.25% trypsin-EDTA
and replated on 35 mm dishes (Corning Inc. CorniNgw York, USA) in a density
of 2x10 cells/dish. One day after plating, these cells eveansfected with 1, 0.5, 1,
and 0.7 ng of alE, B.a, 025, and GFP cDNAs, respectively, using a calcium
phosphate transfection kit (Invitrogen), and indebafor at least 24 hours in the GO
incubator at 37°C. Successfully transfected cellsreweasily identified by observation
of the fluorescence induced by the GFP, and elglyrsiological recordings were made

between 2 and 4 days after transfection.
3.3. RT-PCR analysis

Total RNA of the dissociated the MPG neurons weagacted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). The concentratiand purity of the total RNA were
measured with ultraviolet spectrophotometer. Thest fistrand cDNA was synthesized
from 1 pg of total RNA using 50 U M-MLV (Moloney Murine Léemia Virus)
reverse transcriptase (PerkinElmer Life Sciencdselt8n, CT, USA) by incubating at

42°C for 1 hour. The polymerase chain reaction (P@R detect transcripts of &a
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channel and SK and BK channel isoforms was perfdriog following steps; initiated
by a first denaturation at 95°C, followed by -380 cycles consisting of denaturation,
annealing and polymerization. PCR conditions areowsh in Table 2,3,4 and 5
particularly. The PCR reaction was terminated byintaining temperatures at 72°C for
several minitues. As an internal referencB;:actin or GapDh (Glyceraldehyde-3
-phosphate dehydrogenase) gene was amplified. Tsultant PCR products were
separated on a 1.5% agarose gel and visualizedthigiiutan bromide staining. Specific

primer pairs are listed in Tables 2,3,4 and 5.
3.4. Identification of splice variants of alE

Total RNA was isolated from cerebellum, cerebramd the MPG neurons using
Trizol reagent. After reverse transcription of totBNA, fragments of alE splice
variant were amplified by PCR. Specific primer paifor different splicing loci and
PCR conditions were listed in Table 3. The restultB€R products were separated on
a 1.5% agarose gel and visualized by ethidium kiemétaining. The PCR products
were excised from the agarose gel and purified gudiniElute Gel extraction kit
(Qiagen). Purified PCR products were sequenced AKARA Korea Sequencing
Center. Sequencing reactions were performed on &MEACE 1000 (GE healthcare,
Waukesha, WI) sequencer using the ET Dye terminBtdrl chemistry. Sequence data

were analyzed using the cimarron 3.12 analysis rarag
3.5. Western blot analysis of Ca®* channel isoforms.

The dissociated MPG neurons and rat whole breéme homogenized in ice-cold
hypotonic buffer (10 mM Tris, pH 7.4) containingopgase inhibitor mixture (Sigma),

and then centrifuged at 13,000 rpm for 10 min. Tpeecipitated samples were
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resolved in a lysis buffer (50 mM Tris-HCI, 150 mMaCl, 1% NP-40, and protease
inhibitors, pH 8.0), incubated for 40 min on iceajydathen centrifuged at 13,000 rpm
for 15 min to remove any insoluble material. Alidggiowere taken to quantify total
lysate protein using the Bradford metho®r(ger, 1994). After boiling in SDS
buffer for 5 min, samples (40 mg protein/lane) werparated by SDS-polyacrylamide
gel electrophoresis using 8% acrylamide gel andn tihensferred (at 150 V for 1
hour) to polyvinylidene difluoride membrane (Bio€el" PVDF, Pall Corporation, East
Hills, NY, USA). The membrane was blocked with sFbuffered saline/Tween 20
containing 2% BSA (bovine serum albumin, SIGMA) f80 min, incubated overnight
at 4°C with rabbit polyclonal antibodies directedjamst the II-II linker of Ca&"
channelalA, alB, alC, alD, andalE subunits (all from Alomone Labs, Jerusalem,
Israel) at working dilution of 1 : 200, and washeskveral times with cold
Tris-buffered saline/Tween 20 containing 2% BSA. ré¢madish-peroxidase conjugated
secondary antibody was added and then membranes iweubated for 1 hour at room
temperature. After intensive washing, bound aniib®d were detected by ECL
(Enhanced chemiluminescence) Western blot deteawagents (Amersham Biosciences,

Little Chalfont, UK) on X-ray film.

3.6. SIRNA silencing of alE

3.6.1. Preparation of SIRNA

All of the siRNA duplex sequences used in thisdg were designed according to
the guidelines described before (Elbashir, et #@012. The siRNA targetingnlE of
MPG neurons designed using Bioneer's proprietaRNAi design program called Turbo

si-Designer Www.bioneer.co.k. RNA oligonucleotides were synthesized by Bioneer

(Daejeon, Republic of Korea) using standard phosphalite chemistry. The siRNA
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sequence was designed target for the C-terminuslgptide position 4007-4027) of the
alE (GenBank Accession Number: L15453) and sequeatethis position was
homologous to C-terminus of the MPGLE splice variant. SIRNA sequence were as
follows; a1E-siRNA-sense: CGACAGUUCCAAGGACACA(ATdT )y 1E-siRNA-antisense:
UGUGUCCUUGGAACUGUCG(dTdT). The following ds/siRNAowstruct was used as
a fluorescein-labeled-negative-control ; negatigatml-sense-fluorescein : CCUACGCC
ACCAAUUUCGU(dTdT), negative-control-antisense-ftascein: ACGAAAUUGGUGG
CGUAGG(ATAT). Fluorescein-labelled negative contstiRNA was used to demonstrate
that the target-specific siRNA did not induce a smetific effect on gene expression.
Fluorescein-labelled negative control siRNA corsistof a 19 bp scrambled sequence
with 3' dT overhanged and had no significant hompldo any known gene sequence
from rat. Two stabilizing deoxythymidine overhangesd a terminal hydroxyl group
was present at 3' ends of each strand, and eashdsits phosphorylated at its 5' end.
After synthesizing and purifying each strand of & by HPLC, the equimolar
amounts of sense and antisense strands were mogathér and annealed by heating
the mixture at 90°C for 1 min and subsequently lxating at 37°C for 1-2 hr. The
successful formation of siRNA duplexes was confimdéy 15% nondenaturing
polyacrylamide gels. ds/siRNA transfection was qerfed using Lipofectamin¥é2000
(Invitrogen Corp. Carlsbad, CA) according to thenmfacturer's instructions. The ratio
of ds/siRNA:Lipofectamin@"ZOOO was 1:5. Three hours before transfection, MEM
containing 10% FBS was replaced by on antibiotiee-fmedium containing serum. Six
hours after the transfection, the medium was regplaby the MEM again. Forty eight
hours after the transfection, expression of fluoees in the MPG neurons was
observed under an inverse fluorescence microscopg then expression ofalE

transcript was analyzed molecularity and electrepiiggically in the MPG neurons.
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3.6.2. Evauation of knock-down of alE mRNA by

semi-quantitative RT-PCR

Forty eight hours after the transfection, thege&specific ds/siRNA or negative
ds/siRNA-FITC transfected the MPG neurons were ectdld from the culture dishes
using 0.25% trypsin-EDTA and total RNA was extrdctesing the Trizol reagent
according to the manufacturer’s instructions. Thst fstrand cDNA was synthesized
from 1 ug of total RNA as above described. PCR reaction wdsated by a first
denaturation at 95°C for 5 min, followed by 30 @&glconsisting of denaturation at
94°C for 60 s, annealing at 55°C for 60 s and pelynation at 72°C for 45 s. The
PCR was terminated by maintaining temperatures 28C 7/for 10 min. GapDh was an
internal standard. Specific primer pairs folE isoform is listed in Table 2. The PCR
products were separated in 1.5% agarose gels, lizisdiaby staining with ethidium
bromide (EtBr). Semi-quantitative analysis was @erfed with the Quantity One
(Bio-rad, Ver.4.2.3) software. The expression levef alE was denoted after

normalized with the intensity of GapDh.

3.7. Electrophysiology

3.7.1. Patch-clamp recordings

cd" currents were recorded under the whole cell-ruptummnfiguration of the
patch clamp technique (Hamill et al. 1981) as dbedr previously (lkeda 1991; Jeong
and lkeda, 1998). Patch electrodes were fabricftech a borosilicate glass capillary
(Corning 8250, Garner Glass Co. Claremont, CA, USAhe electrodes were coated
with Sylgard 184 (Dow corning, Midland, MI, USA)jré polished on microforge, and

had resistances of 1.5-2.5Mwhen filled with the internal solution described|dve.
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An Ag/AgCl pellet connected via a 0.15 M NaCl/adanidge was used to ground the
bath. The cell membrane capacitance and seriestaese were compensated (> 80%)
electronically using an Axopatch-1D amplifier (Axomlmstruments, Foster City, CA,
USA). Voltage protocol generation and data acqoisitwere performed using the S5
data acquisition software (written by Dr. Stephen Reda, National Institute on
Alcohol Abuse and Alcoholism, National Institute$ Health, Bethesda, Maryland) on
a Macintosh G4 computer equipped with an ITC18 datguisition board (Instrutech,
Port Washington, NY, USA). Current traces were galhe low-pass filtered at 5 KHz
using the 4-pole Bessel filter in the clamp ameiifi digitized at 2 KHz, and stored
on the computer hard drive for later analysis. Ag/A#gCl pellet connected via a 0.15
M NaCl/agar bridge was used to ground the batHf*-@etivated K current (hwp) and
current clamp recordings to investigate excitapiliwere performed under the
amphotericin B-perforated whole cell configuratioh the patch clamp technique using
EPC-10 amplifier and pulse/pulsefit (v 8.50) softera(HEKA Electronik, Lambrecht,
Germany). The resistance of the filled pipettesgeahfrom 3 to 5 MB, and junction
potential was less than 1 mV. Electrophysiologicatordings began 8-10 min after
formation of a & seal when the series resistance was stabilizedekatvl0 and 20
M& in the perforated patch. Cells with a stable rgstmembrane potential below -45
mV were included for data analysis. All experimemigere performed at room

temperature (26 24°C).

3.7.2. Solutions and drugs.

To isolate CH currents, patch pipettes were filled with an ing&rnsolution
containing (in mM):120 N-methyl-D-glucamine (NMG)-thanesulfonate (MS), 20
tetraethylammonium (TEA)-MS, 20 HCI, 11 EGTA, 1 CaCL0 HEPES, 4 Mg-ATP,
0.3 Na-GTP, and 14 creatine phosphate (pH 7.2, 290 mQpm/xternal recording
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solution contained (in mM) : 145 TEA-MS, 10 HEPES) CaC}, 15 glucose, and

0.0003 tetrodotoxin (TTX) (pH 7.4, 325 mOsm/kg).rRbe perforated patch clamp to
measure K current and current clamp, amphotericin B (SIGM#pck was dissolved
in demethylsulfoxide (DMSO, 50 mg/ml), and storemt fup one week at -20°C. Just
before use the stock solution was siluted in pgesblution and sonicated for 10
seconds to yield a final amphotericin B concergratiof 50 ng/ml). Perforated patch
clamp internal solution containing (in mM) : 120 dtuconate, 20 KCI, 10 HEPES
(pH 7.2, 295 mOsm/kg). External recoding solutionr fperforated patch clamp
contained (in mM) : 137 NaCl, 54 KCI, 2 CaClH,O, 1 MgC} - 6H,0O, 10

Glucose, 10 HEPES (pH 7.4, 325 mOsm/kg). Drugs wegpelied to single neurons
via a gravity-fed fused silica capillary tube coomel to an array of seven
polyethylene tubes. Stock solutions (0.1-10 mM) evenade for the following drugs :
nimodipine (Sigma),n-agatoxin IVA, w-conotoxin GVIA, SNX-482, mibefradil, apamin,
1-EBIO, paxillin, Iberiotoxin, charybdotoxin, DIDShiflumic acid (all from Alomone

Labs, Jerusalem, Israel), CdCGind NiCh. All peptides were stored at -20°C or -80°C.
All of the drugs were dissolved in distilled wateexcept for nimodipine, paxillin,

DIDS, and niflumic acid dissolved in DMSO. For erpgents with toxins, the external
solution was supplemented with 0.1 mg/ml cytochroi@e or BSA (bovain serum

albumin) to minimize non-specific peptide binding tubings. Cytochrome C and BSA

itself had little effect on currents.
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3.8. Data analysis.

Current traces were corrected for linear leakagarrent as determined by
hyperpolarizing pulses. The membrane capacitance maasured by application of a
10 mV hyperpolarizing pulse from a holding potehtief -80 mV and calculated
according to the following equation :mC= 1cloJ/AVm (1-1/lg), wWhere G is the
membrane capacitance, ¢ is the time constant of breama capacitance,, lis the
maximum capacitive current valué\Vn is the amplitude of test pulse, and Is the
amplitude of steady-state current (Jeong and Wuyrsi®97). Concentration-response
curves were constructed by fitting experimentaladtd the Hill equation : B = Ry/(1
+ (ICsol[drug])”H), where B is the fraction blocked, & is the maximal block, 1§ is
the half-maximal inhibitory concentration of theudrapplied, and mnis the Hill slope.
Threshold was defined as the potential at which ation potential begins to be
generated. Amount of current injection to elicingle action potential or spike firing
was determined by threshold current size. The nurrblock was defined as
[1-(lesp/(lcontro)] * 100 and the fold change defined as [test \sltmntrol values]. Data
analysis and curve fitting were performed with th€OR data analysis package
(Wave-Metrics, Lake Oswego, OR) or GraphPad Prisrar.4.0, GraphPad software
Inc.) All results were presented as means * SEMnpdited student t tests were used
to test for effects of drugs on current or excitgbiand for difference between two
groups. The threshold for statistical significanems set to a P value of 0.05. If P

value set to less than 0.01 or 0.001, data wasidenesl highly significant.

_27_



Table 2. Ca®* channel isoform-specific primer pairs used for RT-PCR analysis

Predicted
Primer  Accession # Sequence
size

F GATGAACAAGAAGAGGAAGAGG
alA  NM_012918 332 bp
R CTTGTTGGTGTTGTTGTTACGG

F TGGAGGGCTGGACTGACAT
alB AF055477 282 bp
R GCGTTCTTGTCCTCCTCTGC

F AAGATGACTCCAACGCCACC
alC M59786 394 bp
R GATGATGACGAAGAGCACGAGG

F TGAGACACAGACGAAGCGAAGC
alD M57682 366 bp
R GTTGTCACTGTTGGCTATCTGG

F ATCTTACTGTGGACCTTCGTGC
alE L15453 506 bp
R CTCAGTGTAATGGATGCGCG

F GCTCTCACCCGTCTACTTCG
alH AF290213 256 bp
R AGATACTTTTCGCACGACCAGG

F GGGAAATCGTGCGTGACATT
B-actin  NM_031144 253 bp
R CGGATGTCAACGTCACACTT

F : forward, R : reverse

PCR Condition
1) 5 min at 95°C, 2) 45 sec at 95°C, 3) 40 sec HIC54) 60 sec at 72°C

5) 7 min at 72°C, repeating from step 2 to 4 attid%es.
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Table 3. alE splice variant specific primers used for RT-PCR analysis

Predicted
Primer Sequence
size
N-terminus F TGGAGCGATTCATACCTGTTC
272 bp
(for rat type) R GCGGCCAATCGATGAGTTTC
N-terminus F ATGGCTCGCTTCGGGGAGGC
899 bp
(for H/M type) R GCCGATCCAGTCCTTACATTCA
420 bp

F GGAGGTCAGCCCGATGTC

I1-111" loop 399 bp
R GGGCTCCTCTGGTTGTCC
363 bp

F CTGAGTGGTCGGAGTGGATAC 369 bp

C-terminus 498 bp*
R AGAGAGGAGATGCTTTCGTTC

F : forward, R : reverse
Accession Number

- Mouse : L29346, Human : L27745, Rat : L15453

* In the presence of the 129 bp insertion the etqubcsize 498 bp.

PCR Condition
1) 15 min at 95°C, 2) 60 sec at 95°C, 3) 50 se&AC, 4) 60 sec at 72°C

5) 10 min at 72°C, repeating from step 2 to 4 atti@es.
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Table 4. Ca*-activated K*

channel subunits-specific primer pairs used for

RT-PCR analysis.
Predicted
Primer  Accession # Sequence
size
F CAAGATGGATGCGCTCATCA
BK-a AF135265 438 bp
R TAGAAATTCTGGCAGGATTC
F AAGCTGGTGATGGCCCAGAA
BK-B U54495 293 bp
R TGGTTTTGATCCCGAGTGTC
F GCTCTTTTGCTCTGAAATGCC
SK1 NMO019313 118 bp
R CAGTCGTCGGCACCATTGTCC
F GTCGCTGTATTCTTTAGCTCTG
SK2 NMO019314 151 bp
R ACGCTCATAAGTCATGGC
F GCTCTGATTTTTGGGATGTTTG
SK3 NMO019315 148 bp
R CGATGATCAAACCAAGCAGGATGA

F : forward, R : reverse

PCR Condition for BK subunits

1) 15 min at 95°C, 2) 45 sec at 95°C, 3) 40 se&4(C, 4) 45 sec at 72°C

5) 7 min at 72°C, repeating from step 2 to 4 attid%es.

PCR Condition for SK subunits

1) 5 min at 95°C, 2) 50 sec at 95°C, 3) 45 sec HiC6 4) 45 sec at 72°C

5) 5 min at 72°C, repeating from step 2 to 4 attidfes.
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Table 5. BK channd B subunit specific primers used for RT-PCR analysis

Predicted
Primer  Accession # Sequence
size
F TGGAGACCAA ACTTCCTGCT
BK-B1 NM_019273 314 bp
R CCTGGTCCTT GATGTTGGTT
F ACCATGACCT CCTGGACAAA
BK-B2 NM_176861 710 bp
R ACGTTGGCCA GAAGAGAGAA
F CCCAGCCATT CACTTGCTAT
BK-B4 NM_023960 459 bp

R GAGGGTTTCC CAAACAGTCA

F : forward, R : reverse

PCR Condition for BK B subunits

1) 5 min at 95°C, 2) 45 sec at 95°C, 3) 40 sec EC54) 60 sec at 72°C

5) 10 min at 72°C, repeating from step 2 to 4 attides.
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V. RESULTS

4.1. Criteria for distinguishing cell-types of the MPG neurons

Cell types of the MPG neurons could be easilgogaized in according to the
previously established criteria: cell size measurgd electrical capacitance, and
expression of T-type Gachannels (Zhu and Yakel 1997, Zhu et al. 1995, keel.
2002). As illustrated in Figure 3, sympathetic MP@urons are identified by presence
of T-type C&' currents detected as a prominent hump at low-gelteange (-50 to -20
mV) or fast-inactivating peak currents evoked bgttpulses to -30 mV. Conversely,
the parasympathetic MPG neurons lack the hump dmel transient T-type Ca
currents. Figure 4 shows that correlations betweelh membrane capacitance (pF) and
T-current existence (Fig. 4A) or T-current amplgudFig. 4B). On average, cells
having 62.545.3 pF capacitance showed T-currenou@l8.1 pA/pF), frequently, while
small cells having 28.6+2.6 pF of capacitance dat show T-current. To make sure
of the distinguishing between sympathetic and pamthetic MPG neurons,
investigated cell-type responses to 10® y-amino butyric acid (GABA) and 1QM
5-HT. Under the experimental conditions (i.e. whaoth external and internal solutions
contain 20 mM C) for measurement of €a currents, GABA and 5-HT evoked a
large inward currents exclusively in sympatheticd aparasympathetic MPG neurons,
respectively (Fig. 5). Figure 6A showed that mogt cells having small membrane
capacitance (solid line) represent high density 5eHT current, while most of large
membrane capacitance cells (dashed line) had GABduded inward current. Overall,
sympathetic MPG neurons could be distinguished walge cell capacitance (more
than on average 62.5+5.3 pF) and existence of GABAd T-current from
parasympathetic ones showing small cell capacitafless than on average 28.6+2.6

pF), 5-HT current and no T-current (Fig. 6). Anathaiteria to distinguish sympathetic
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and parasympathetic MPG neurons was investigated. illustrated in figure 7,

sympathetic and parasympathetic MPG neurons pradutmic and phasic firing,
respectively in response to injection of supraghodd current for 400 ms. Figure 8A
showed correlation between firing patterns and aefmbrane capacitance in MPG
neurons. Figure 8B illustrated that most of symetthcells (dashed line) having large
capacitance and GABA current showed tonic firingttgra, while majority of

parasympathetic cells having small capacitance 24l current appeared phasic firing

pattern.
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Fig. 3. Cell type-specific characteristics of the MPG neurons - |.

Representative traces of inward “Cacurrents in the (A) sympathetic and (B)
parasympathetic MPG neurons recorded using whole mmich clamp method. Ca

currents were evoked by a ramp from -100 mV to #6@ for 180 ms (upper traces)
and test pulses to -30 mV from a holding potent&l-100 mV (lower traces). LVA

T-type C&" currents were detected as a hump (upper) or asiémtly activation

current (lower) exclusively in sympathetic MPG rens.
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Fig. 4. Relationship between cell size and expression of the T-type ca® channel.
Plots showing the correlation between membrane oii@opee (pF) and (A) T-current

existence or (B) T-current amplitude. Data are gmésd as means + SEM.
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Fig. 5. Cell type-specific characteristics of the MPG neurons - 1I.

Representative traces of inward currents evokedapylication of GABA (100uM) or

5-HT (10 uM) in (A) the sympathetic and (B) parasympathetid® neurons. Note

that the GABA and 5-HT currents

are hallmarks ofe thsympathetic and

parasympathetic MPG neurons, respectively. Cellseweeld at -80 mV.
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Fig. 6. Relationship between cell size and expression of a specific ligand gated
channel.

(A) : Bar graphs showing the correlation between BBAor 5-HT induced inward
current density (pA/pF) and membrane capacitand€). ((B) : Three-dimensional plot
of membrane capacitance, an amplitude of GABA, @#iT currents. The MPG
neurons distributed within solid line and consideras parasympathetic and these with

the dot line are as sympathetic. Data are preseasetheans + SEM
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Fig. 7. Cell type-specific characteristics of the MPG neurons - II.
Representative traces of action potentials in (A)toaic and sympathetic and (B) a
phasic and parasympathetic MPG neurons. The actotentials were evoked by

injection of supre-threshold current for 400 ms.
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Fig. 8. Relationship between cell size and spike firing pattern

(A) : Plots showing the correlation between membracapacitance (pF) and firing
pattern (tonic or phasic) in the MPG neurons. B hreB-dimensional plot of T-type
Ca2+ and ligand-gated channel (GABA and 5-HT) aqurrdensity. The MPG neurons
distributed within solid line and showed as phafithng and these with the dot line

are shown tonic firing pattern. Data are presergsdmeans + SEM
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4.2. Molecular identification of HVA C&" channel isoforms

expressed in the MPG neurons.

To determine the expression profile of trangsripncoding HVA C& channelal
subunits, RT-PCR analysis was performed on mRNAaisd from dissociated the
MPG neurons. As a positive control, mRNA from rathole-brain tissues were
RT-PCR amplified. As illustrated in Figure 9, theP® neurons expressed transcripts
for all of the HVA C&" channelal subunits (i.e.,alB, alC, alD and alE) with
the exception of alA. When the RT-PCR process was run without reverse
transcriptase, no PCR products were observed, dtidic no contamination of genomic
DNA. The mRNA transcript formlA was clearly detected in RT-PCR products of the
positive control as a band of the expected sizee(la 332 bp).

Next, Western blot analysis was carried out xangine whether all of the detected
MRNA transcripts were translated into the correslipom Cc4" channelal subunits in
the MPG neurons. All of the primary antibodies #&mplin these experiments have
been proven to be highly specific (Saegusa et &002 Latour et al. 2003). As
positive controls, proteins extracted from wholaibr (for alA, alB, alC, andalD)
and cerebellar tissues (faxlE) were employed. Consistent with the RT-PCR tesul
the MPG neurons expressadlB, alC, alD, and alE, but notalA proteins (Fig.
10).
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Fig. 9. RT-PCR analysis of mRNA encoding Ca’* channel al subunits expressed in
the MPG neurons.

Total RNA isolated from dissociated the MPG neuromas reverse transcribed, and
amplified by PCR with Cd channelal subunit 1A, alB, alC, alD, alE, and
olH) specific primers (Table 1). The resultant PCRodpct were separated and
visualized on an agarose gel containing ethidiuramide (EtBr). B-actin RNA as an
internal control and whole brain RNA as a positigentrol were used. When the
RT-PCR process was run without reverse transcept@T-), no PCR products were

observed indicating no contamination of genomic BNA
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alA < 173 kDa
alB < 215kDa
alC

alD < 209 kDa
alk < 255 kDa

Fig. 10. HVA Ca®* channdl al subunits identified by western blot analysis in the
MPG neurons.

Proteins extracted from the MPG neurons and ratinbraere probed with rabbit
polyclonal antibodies directed against the Il-lihkers of C& channel alA, olB,
alC, alD, andalE subunits. The MPG neurons express alf' Ghannelal subunits
with the exception ofulA. The alA antibody was able to reveal an appropriate band

when applied to the brain proteins.
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4.3. Pharmacological identification of HVA Ca" channel isoforms

expressed in sympathetic and parasympathetic MPG neurons.

Next, the following two questions were addressadat subtypes of HVA Ca
channels were functionally expressed and whetheretkpression is cell type-specific as
determined by measure of T-type “Cachannel current (Lee et al. 2002). In this
regard, HVA C& currents were pharmacologically dissected out ympathetic and
parasympathetic MPG neurons by sequential appicatf different toxins and drugs
(Adams et al. 1993; Randall and Tsien, 1995; Jeand Wurster, 1997). To evoke the
peak C& currents, test pulses to +10 mV were applied framholding potential of
-80 mV at 0.1 Hz. During current measurements fOr rin, no significant rundown
in the peak C& current was detected. Figure 11A represents tiepeudent reductions
in C&" currents by different subtype-specific antagonists a sympathetic MPG
neuron. Application of nimodipine (1@M), a DHP L-type antagonist, blocked 21%
total of C&" currents. The N-type current was identified withe tuse ofw-conotoxin
GVIA isolated from the venom of the fish-huntingafin Conus geographus (Olivera et
al. 1984). In the presence of w-conotoxin GVIA atsaturating concentration (ZM),
54% of C&" currents were slowly blocked. After successivelpcking L- and N-type
Ca&" currents, tested with a high concentration uphgatoxin IVA (1 uM), which was
large enough to block both P- and Q-types of cusrefRandall and Tsien, 1995;
Jeong and Wurster, 1997). However, no currents vedfected byow-agatoxin IVA in
the sympathetic neuron. In addition, application IofuM ®-conotoxin MVIIC, an N-
and P/Q-type antagonist, failed to block the “Caurrents further in presence of
nimodipine and w-conotoxin GVIA (data not shown). These results evaronsistent
with the absence of thexlA transcript and protein as revealed by RT-PCR and
Western blot analyses. There remained significaedidual currents resistant to the

combined application of the organic antagonists.eseh residual currents were fully
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blocked by CdGl (0.1 mM), a non-selective &achannel antagonist, indicating the
presence of R-type &a currents (Fig. 11A). Taken together, the sympah&PG
neuron was found to functionally express three dyge, N, and R) of HVA C3&
channels but not the P/Q-types. Next, also examiigdbitory effects of 10 puM
nimodipine, 2 UM w-conotoxin GVIA, 1 pM agatoxin IVA, and 0.1 mM CdCbn
HVA Ca&" currents in the parasympathetic neurons showing Tatype C&" and
GABA currents (Fig. 11B). Like the sympathetic MP&urons, the parasympathetic
MPG neurons functionally expressed L-, N-, and pety but not P/Q-type, éa
currents. As summarized in Fig. 12, there was nd-specific difference in the
relative contribution of the Ga channel isoforms to total €acurrents. On average,
L-type C4" channels contribute to 17 + 4% and 14 + 2%, N-type57 + 5% and
60 + 3%, and R-type to 25 + 3% and 22 + 2% of tb&lt currents, respectively, in
sympathetic (n = 16) and parasympathetic (n = 13pPGMneurons. It should be
mentioned that the current kinetics were not furttenalyzed to characterize the
pharmacologically identified Ga channel subtypes because the kinetics appeareze to

variable from one cell to the next.
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Fig. 11. Pharmacological dissection of HVA Ca”* channel currents in the MPG

neurons.

(A) and (B), time course of Gacurrent block by serial application of nimodipif&0

uM), eo-conotoxin GVIA (2 uM), o-agatoxin IVA (1 uM), and CdC] (0.1 mM) in the
sympathetic and parasympathetic MPG neurons, riagelgc The peak C4 current

was evoked every 10 s by test pulses to +10 mV7f®rms from a holding potential

of -80 mV. Inset: current traces obtained at different time poir&bdled a-e).
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Fig. 12. Summary of relative contribution of L-, N-, and R-type currents to total Ca®

currents in the sympathetic and parasympathetic MPG neurons.

Bar graph represents relative contribution of L, Mnd R-type C4 currents to total
HVA Ca&" current. Data are presented as means+ SEM. Numbiersells tested is

indicated in parentheses.
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4.4. Pharmacological characteristics of R-type Ca™ currents in

the MPG neurons.

A previous study has shown that native R-type’*Caurrents could be potently
blocked by nickel (Tottene et al, 1996). Accordingeffects of nickel on R-type éa
currents were tested. When 0.3 mM nickel was agpaéier blocking L- and N-types
with 10 utM nimodipine and 2uM o-conotoxin GVIA, the R-type Ca currents were
significantly blocked in a sympathetic MPG neurdrig( 13A). On average, nickel at
0.3 mM blocked 72+4% (n = 3) of the MPG R-typeCaurrents. Interestingly, 500
nM SNX-482, a selective antagonist of recombinadtE channels, failed to produce
effective block of the native R-type currents (n 18). Likewise, in parasympathetic
MPG neurons, R-type currents were sensitive to ehidiut not to SNX-482. Next, to
compare the pharmacological properties of the MP&pe C4" currents with those of
the prototypealE (rbEIll), heterologously expressed in HEK 293IscdFig. 5B). No
endogenous CGa currents were detected in control cells expressinty GFP, whereas
large peak C& currents were developed in cells coexpressingatHE, B.a, and oz
subunits (Fig. 14). The peak Cacurrents of the recombinamtlE were very sensitive
to nickel and SNX-482, which is consistent with tpeevious findings (Soong et al.,
1993; Zamponi et al., 1996; Newcomb et al., 1998h average, 0.3 mM nickel and
300 nM SNX-482 blocked 70+5% (n = 3) and 94 +3 % (n3)Fof the recombinant
alE C&" currents, respectively. As defined from conceigratesponse curves (Fig.
15), the potency (I&) of Ni** block was similar for the MPG R-type (22+1.1 uM;
slope factor, 0.81£0.11) and the recombinadtt (21 +0.2 uM; slope factor, 0.75 *
0.13) C&" currents. More importantly, unlike the MPG R-typiie recombinantilE
Ca&" currents expressed in HEK 293 cells were highlpsiive to SNX-482 (Ig =
76 £0.4 nM; slope factor, 1.71£0.25) (Fig. 15). Th#ll slope factor suggests that

the recombinantalE may have more than SNX-482 site as reported iqursly
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(Tottene et al., 2000). Taken together, these datggest that MPG neurons express

Ni**-sensitive and SNX-482-resistant R-type®Caurrents.
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Fig. 13. Effects of nickel and SNX-482 on R-type ca* currents in the MPG neurons.

(A) : L- and N-type C& currents were completely eliminated by applicatiof
nimodipine (10 uM) and w-conotoxin GVIA (2 uM) prior to testing NiGl (300 uM)
and SNX-482 (500 nM). The peak Cacurrent was evoked every 10 s by a test
pulse to +10 mV for 75 ms from a holding potentiafi -80 mV. Blocker cocktail
contained nimodipine (10M), w-conotoxin GVIA (2uM), and w-agatoxin GIVA (1uM).

(B) : current traces obtained at different time ni®i(labeled a-e).
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Fig. 14. Effects of Nickel and SNX-482 on peak currents of the recombinant alE
Ca" channel.

HEK 293 cells were transfected with 1, 0.5, 1, @hd ug of rat alE, B.a, 0.5, and
GFP (green fluorescent protein) cDNAs, respectivelising the calcium phosphate
transfection method. After 48 hour, effects of mick0.3 mM) and SNX-482 (300
mM) on recombinanilE (rbEll) were tested. Cacurrents evoked by a test pulse to
+10 mV for 75 ms from a holding potential of -80 mWote that no endogenous

currents were detected in the HEK 293 cells exjpmgssnly GFP.
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Fig. 15. Concentration-response curves for block of the MPG R-type and the
recombinant alE Ca™ currents by nickel and SNX-482.

Concentration-response curve of (A) nickel and (BNX-482 block. Note that the
MPG R-type currents were little blocked by SNX-4%300 nM). Absolute current
block (%) was plotted as a function of drug concaign. Solid lines represent fits of
data points by the Hill equation (see Material addthods). For nickel block of the
MPG R-type and rbEIll C& currents, 1G values (Hill slope) were 22 +0.aM (0.81
+0.11) and 21 +£0.2uM (0.91£0.1), respectively. For SNX-482 block ofethrbEll
ca* currents, the 16 (Hill slope) was 76 £0.4 nM (1.71 £0.25). Data areegented

means + SEM.
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45. Molecular characterization of R-type Ca”* currents in the MPG

neurons.

Recent studies have revealed heterogeneity @fRHype C& channel (Tottene et
al.,, 2000; Wilson et al., 2000; Joux et al.,, 20@qchivko et al., 2002) which may
arise from alternative splicing in the gene encgdithe alE subunit. Distribution and
functions of the alE variants appear to be tissue-specific and d&terrmeuronal
functions. (Marubio et al., 1996; Pereverzev A.020 As mentioned above, the MPG
neurons expressed SNX-482-resistant R-typé” Carrents. Recently, splicing variants
of alE, which is comparable with those observed in sareatral neurons such as
retinal ganglion neurons, hippocampal CA1l neuroasd cerebellar granule neurons
(Newcomb et al. 1998; Tottene et al. 2000; Sochigtoal. 2002). Next, therefore, the
molecular nature of SNX-482-resistant R-type”‘Ceurrents was examined in the MPG

neurons.
4.5.1 Overview on spice variants of alkE (Ca2.3)

As illustrated in Figure 16, eight splicing \arts of thealE can be deduced from
sequence comparison among rat, rabbit and huofdd clones. In 1993, the rat rbEll
(Soong et al, 1993) was cloned and functionallpressed. Its deduced amino acid
terminus from the hippocampus of adult rats wasrtehdoy 50 amino acids than other
mammalianalE subunits, which was explained by an alternatx®n present in the
rbEll, lacking the first methionine residue. Durimgpnsecutive investigations, the 5' end
of the alE was amplified from adult rat brain RNA and wasurfd to contain the
homologous sequence as the major transcript ddteéntanouse and human fetal brain.
Therefore, only three loci that were insert 1 andin2 the intracellular connecting

domains Il and 1l (ll-lll loop) and insert 3 of @rminus were included in the
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systematic investigation of structural variantsniraCa2.3. As illustrated in figure 16,
seven mutants representing putative splice varianitshuman alE (Ca2.3) were
generated by PCR using the cloned variant2@a as a template. To date, ,Z&d
represents the longest transcript derived from amawu fetal brain cDNA library
(Schneider et al., 1994). It contains insert | @®ino acid), insert 2 (7 amino acid),
and insert 3 (43 amino acid). Four variants of dllllloop having different size were
investigated either within the cloned &8d backbone or after transferring them into
the Cag2.3c variant formerly called alEd-DEL, which wasckimg of the insert 3
(exon 45) in the carboxy terminus. These eight toots, the neuronal Ga3c
(Williams et al., 1994) and the endocrine \Z8e (Vajna et al., 1998) are the
predominant splice variants detected vivo, while Ca2.3d could be a splice variant
restricted to the fetal brain. (2a3a, C@.3b and C&.3f are deduced from the
cerebellar granule cells (Schramm et al., 1999} aiE-4 and alEf variants have

never been found in tissues, yet.

4.5.2. Identification of alE splice variant in the MPG neurons

To difine the splicing variant of thalE expressed in the MPG neurons, systemic
examination was applicated to four loci: the ami@wninus, two segments (insert 1
and 2) of the II-lll loop and the carboxy terminuBhe cDNA fragments from MPG
neurons were amplified by RT-PCR using region-djecprimer pairs (Table 3).
RT-PCR amplification in the II-lll loop ofalE subunit from the MPG neurons with
specific primer yielded a major 363 bp product. Pasitive controls, cDNA fragments
of the alE splice variants expressed in the cerebellum aedebrum were also
amplified (Wililams ME. et al 1994; Rolf Vajna etl. al998). The rat cerebrum, a
major of about 420 bp product amplified. In the wrebellum, two types of splice

variant detected about 420 bp, and 363 bp by RT-R@RBlysis in thell-II loop
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region. PCR amplification in C-terminus region oflE from the MPG neurons
produced a 498 bp single fragment. The rat cemebyielded about a major 369 bp
fragment, while the rat cerebellum, both types obdpcts about of 369 bp and 420
bp were detected. An additional faint band abové® % was also detected in the
cerebellum and cerebellum of C-terminus specifigiole. It was unclear whether non
specific product or another splice variant in Gtgus region of cerebrum and
cerebellum (Fig 17). Unexpectively, PCR producthwipecific primers for N-terminus
could not be detected from the MPG neurons, whieierminal fragment of 272 bp
was amplified in rat cerebrum and cerebellum. Reégewhich is a new isoform of rat
olE subunit has been found to have long N-terminwbjch is similar to the

human/mouse form (Schramm, et al. 1999). Therefargair of specific primers for
human/mouse 5'-end (Table 3) was employed to iiyetitie N-terminus of MPGalE.

As result of RT-PCR analysis using human/mouse n8'-specific primer pairs, a
cDNA fragment of 899 bp was amplified from cerebrurcerebellum and MPG
neurons (Fig. 17). Figure 18 shows sequence alighnwé the prototype ratalE

(rbEll) and MPG alE. Compared with the rbEll, the the MP&LE have additional
50 amino acid in N-terminus like human/mousdE and contains short IlI-1ll loop
lacking 19 amino acid (Insert 1) and longer C-tewmsi containing additional 43 amino
acid. Taken together, these results suggested thlecuaiar structure of th&lE splice

variant expressed in the MPG neurons (Fig. 19). MG alE was quite similar to

one of the cerebellunalE isoform (Rolf Vajna et al. 1998).
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e Insert 2 (7 aa) Human, rabbit
Ca,2.3 — | 11 1 v Mouse, rat
T rabbit
Insert 1 (19 aa) Insert 3 (43 aa)

Shorter carboxy terminus

I 11 01 v
Ca,2.3a (0, ,) T— e —— e — —
Ca,2.3b (at,; ,) ——— i — —— e — —
Ca,2.3¢ (@ ) S — g ==
Ca,2.3 Ail Ai2 Ai3 ——————— e ——— —

C Longer carboxy terminus
1 11 111 v
Cia,2.3d (o, ;) o —

Cay2.3¢ (O, — — i — g —
Cay2.31 (0, — e — S —
Ca,2.3 Ail A i2 — e N — —

Fig. 16. Splice variants of the alE deduced from comparison of cloned mammalian
Ca,2.3 subunits.

The primary structure of clonedl1E is shown in a linear form hight-lighted for the
four intramolecular domain I-IV. alternate ends damsertions and deletions are
symbolized by separate bars or gaps), (respectively. (A) : Amino terminus, the
cytosolic lI-1ll linker, and the carboxy terminusormtain major structural variation
within the C&2.3 subunits from different species. (B) : Fourustural variants were
deduced for the G2a.3 subunits lacking the insert 3 (exon 45) frome tharboxy
terminus. C: Similar to (B), four variants were dedd for Cg2.3 subunits containing

the insert 3.
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Rat N-term. H/M N-term.

I1-111 Loop C-term.

Fig. 17. ldentification of alE splice variants in brain and the MPG neurons by
RT-PCR analysis.

Total RNA from rat cerebrum, cerebellum and MPG rpes was isolated and the
cDNA fragment derived fromalE mRNA were amplified. With the specific primers
for splice regions (table 2), the PCR fragmentstted II-1ll loop and C-terminus were
amplified in the MPG neurons. No transcript wasedttd in the MPG neurons (lane
3) with the rat N-terminus-specific primer. Withethprimer pairs for the human/mouse
0l1lE N-terminus (H/M N-term), the specific fragmerds the N-terminus was amplified
in the MPG neurons. Cerebrum (lane 1) and cerabelfflane 2) were used as positive
controls for specific primers. Note that, only axgie PCR fragment was detected in

the MPG neurons.
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N-terminus

L1B4B3 mmmrmmmmmm e e MALYNPIPVR QNCFTVNRSL 20
MPGalE MARFGEAVDV GRPGSGDGDS DQSRNRQGTP VPASGPAAAY KQSKAQRART MALYNPIPVR QNCFTVNRSL
Human/Mouse N-term

I11-111 Loop

Insert |
L15453 EVSPMSAPNM PSIERDRRRR HHMSMWEPRS SHLRERRRRH HMSVWEQRTS QLRRHMQMSS QEALNKEEAP 710
MPGalE EVSPMSAPNM PSIE LRERRRRH HMSVWEQRTS QLRRHMQMSS QEALNKEEAP

L15453 PMNPLNPLNP LSPLNPLNAH PSLYRRPRPI EGLALGLGLE KCEEERISRG GSLKGDIGGL TSVLDNQRSP 780
MPGalE PMNPLNPLNP LSPLNPLNAH PSLYRRPRPI EGLALGLGLE KCEEERISRG GSLKGDIGGL TSVLDNQRSP
Insert Il

C-terminus

L15453  PQEIFQLACM DPADDGQFQE QQSL VT 1930
MPGalE PQEIFQLACM DPADDGQFQE QQSLEPEVSE LKSVQSSNHG IYLPPDTQEH AGSGRASSMP RLTMDPQVVT
Insert 1l

Fig. 18. Comparison of the MPG alE splice variant and the prototype alE clones by
alignment sequences of amino acid.

Alignment of amino acid sequences show that the MP& have additional 50 amino
acids in the amino terminus as the human/mou$E clones. The MPG neurorslE
contains a shorter IlI-lll loop lacking Insert 1 aridnger C-terminus contains the

additional 43 amino acid.
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Human, rabbit Insert 2 (7 aa) Human, rabbit

C avz. 3 — 1 11 111 v Mouse, rat
55 __
M rabbit
Insert 1 (19 aa) Insert 3 (43 2a)

A. rbEII (L15453)

Ca,2.3¢ (a, ) e e e

B. MPG alE

Ca,2.3€ (Cyp) — — i — S —

Fig. 19. Splice variant isoform of the alE identified in the MPG neurons.
The primary structure of clonedl1lE is shown in a linear form (upper). When the
MPG alE (B) was compared with rbEIl (A), the splice e of alE in the MPG

neurons has a longer N-, C- terminus and the gshdridl loop.
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4.6. Knock-out of R-type Ca currents in the MPG neurons by
SIRNA strategy.

To test whether thelE splice variant encodes R-type “Cahannels in the MPG
neurons, ds/siRNA targetted to the MPGLE was designed. Fluorescein-labeled
scrambled ds/siRNA was used for negative contioé MPG neurons were transfected
with either scrambled ds/siRNA or a mixture of scbde ds/siRNA and target
ds/siRNA (1:1). Forty eight hours after transfestiofluorescein-positive the MPG
neurons were observed under an inverse fluorescemcescope (Fig. 20).

To evaluate the effect of siRNA on transcriptvels of the alE subunit,
semi-quantitative RT-PCR analysis was performed.elVithe expression level ailE
was normalized to that of GapDly1lE transcript intensity level was greatly reduced
by target ds/siRNA from 0.33 to 0.10. Inhibition tfie MPG alE mRNA levels by
target ds/siRNA was about 70 % (Fig. 21). These datggest that the target siRNA
was specific for thenlE of the MPG neurons.

Finally, R-type currents were recorded in the G/meurons transfected with the
ds/siRNAs. As described above, the expression lproif HVA c&* channels was
pharmacologically assessed. On average. nimodgEnsitive L-type C& channels
contribute to 12 + 6% and 12+4 %, N-type to 62+ 11%d a7/2 +6 %, and R-type
to 17+8% and 5+6% of the total current, respecfivein the control group
transfected with scrambled ds/siRNA (n=5) and tlkpeemental group with the target
ds/siRNA (n=6). It should be noted that the remtigontribution of N-type currents
was slightly increased as that of R-type currentas wdecreased (Fig. 22). Taken
together, these data strongly suggested that R-typeents are encoded by thelE

splice variant in the MPG neurons.
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Fig. 20. Transfection of the MPG neurons with fluorescein labeled sSiRNA.

(A) : Microscopic image of the MPG neurons. (B) ludfescence microscopic image
showing the MPG neurons transfected with fluoresckibeled siRNA. Transfection

was performed using lipofectamine (1 mg/ml ; 1,0 RNA) at 37°C for 48 hours.
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Fig. 21. Semi-quantitative RT-PCR analysis of alE transcript level in the MPG
neurons transfected with alE-specific SRNA.

The MPG neurons was transfected with fluorescdielled scrambled ds/siRNA (lane
1) or a mixture of fluorescein-labeled ds/siRNA aadE targeted ds/siRNA (lane 2)
as described in the Materials and Methods. TotalARMas isolated from cell lysate
after 48 hours transfection. The synthesis @lE cDNA was carried out by
semi-quantitative PCR and the product was analybgd electrophoresis on 1.5%
agarose gel with EtBr. lane 1 : fluorescein-labelstambled ds/siRNA, lane 2 : a
mixture of fluorescein-labeled ds/siRNA amdlE targeted ds/siRNAlane 3, 4 : GapDh

transcripts of lane 1 and 2 as an internal contvete used, respectively.
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Fig. 22. SIRNA silencing of SNX-482-insensitive R-type current in the MPG neurons.

The MPG neurons were transfected with fluorescalreling scrambled ds/siRNA
(closed bar) or mixed fluorescein-labeling ds/siRMAd alE targeted ds/siRNA (open
bar) for 48 hours. Pharmacological dissection of* Ceurrents using isoform-specific
toxins was described in the text. Note that infobitof the N-type C& channels was
slightly increased after silencing of thilE in the MPG neurons. Data are presented as
means £ SEM. Numbers of cells tested is indicategparentheses.

* p< 0.05
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4.7. Characteristics of afterhyperpolarization (AHP) in the MPG

neurons

As mentioned above, sympathetic and parasymiatihdPG neurons showed tonic
and phasic firing patterns, respectively when stipreshold current for 400 ms was
intracellularly injected (Fig. 23A). On averagegetfiring frequency in sympathetic and
parasympathetic MPG neurons, were 18.7+1.8 Hz, Zp=&hd 5.1+£2.0 Hz, (n=18),
respectively (Fig. 23 C Top). To identify mechanisonsderlying the difference in spike
firing between the sympathetic and parasympathetidt/PG neurons,
afterhyperpolarization (AHP) following a single act potential was compared. In this
regard, AHP following a single action potential wascorded and analyzed for
acquiring two parameters, amplitude and durationillastrated in Figure 24 (Greffrath
et al, 2004). In general, sympathetic MPG neuragenerated AHP with high
amplitude and short duration in response to a @ejalg current injection for 10 ms,
while parasympathetic ones showed AHP with low dongé and long duration (Fig.
23B). On average, AHP amplitudes were -14.9+3.0 fm#¥17) and -10.4+3.3 mV
(n=16), and AHP durations were 119.8+3.0 ms (n=amyl 223.7 +3.3 ms (n=16) in
sympathetic and parasympathetic MPG neurons, ragelc (Fig 23C, middle and
bottom).
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Fig. 23. Cell type specific firing patterns and AHP properties in the MPG neurons.

(A) : Representative traces of tonic and phasickespiiring in the sympathetic and
parasympathetic MPG neurons was induced by injecté supra-threshold current for
400 ms, respectively. (B) : A single action potehtiis followed by AHP
(afterhyperpolarization) that differs from the ofmund sympathetic and parasympathetic
MPG neurons. AHP of the tonic and sympathetic MP@urans showed a larger
amplitude and a shorter duration than that of thasg and parasympathetic ones. (C)
. Bar graph showing differences in the firing fregay (top), AHP amplitude (middle)
and AHP duration (bottom) between the sympathetitd gparasympathetic MPG
neurons. Data are presented as meanszSEM. Numberelle tested is indicated in

parentheses. ** p< 0.01, *** p< 0.001
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Fig. 24. Andysis of AHP following a single action potential.

The amplitude of AHP components was determined has voltage difference between
the firing level of the spike and the negative pedkthe AHP. The duration of action
potential was determined as the width between ttat spoint of spike and the
negative peak of the action potential. AHP duratwas width between the negative
peak of the AHP and end point of the AP train te tlesting membrane potential
level. Action potential amplitude was determined the voltage difference between the

resting level and the positive peak of the actiateptial.
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4.8. Contribution of Ca**-activated K* channels to AHP in the

MPG neurons

4.8.1. Molecular identification of the Ca’*-activated K* channels

in the MPG neurons

Previous studies have shown that*‘Gativated K channels are responsible for
generation of AHP (Blank, et al.,, 2004; Maylie, ak, 2003; Sah, et al., 2002).
Therefore, expression profile of €aactivated K channel mRNA subunits was
determined by RT-PCR analysis with specific primeairs (Table. 4) in the MPG
neurons. Figure 25 showed that the MPG neuronsesgpBKea (438 bp), BKE (293
bp), SK2 (151 bp) and SK3 (148 bp) transcripts hot SK1 (118 bp). In addition,
the MPG neurons were found to express all of BKusits 81, 32, and 34. Whole
brain cDNA was used as a positive control for dipegprimer pairs (Table. 5) and
GapDh was used as an internal standard. Smooth lenuddNA was used as a

positive control for BK31 subunit (Fig. 26).
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100 bp—>

Brain MPG

Fig. 25. RT-PCR analysis of transcripts encoding Ca’*-activated K* channel subunits
(BK and SK channels) in the MPG neurons.

Total RNA isolated from dissociated the MPG neuromas reverse transcribed, and
amplified by PCR with specific primer pairs (TabB. The resultant PCR products
were separated and visualized on an agarose gehicimg ethidium bromide (EtBr).
GapDh RNA as an internal control and whole brainARMs a positive control were

used.
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Fig. 26. RT-PCR analysis of mRNA encoding the BK channel B subunit isoforms in
the MPG neurons.

Total RNA isolated from dissociated MPG neurons &B-PCR analysis with specific
primer pairs (Table 4) performed previously desmlibThe resultant PCR product were
separated and visualized on an agarose gel camjaigthidium bromide (EtBr). GapDh
RNA as an internal control and whole brain or srhoohuscle RNA as positive

controls were used.
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4.8.2. Functional roles of the SK channels in generation of AHP

in the MPG neurons

In many neurons, SK channels are responsiblegéaeration of AHP (Sah 1996).
Therefore, to elucidate functional roles of the $Kannels in generation of AHP in
sympathetic (Fig. 27A) and parasympathetic (FigB)2KMPG neurons were tested using
apamin, a SK channel blocker and 1-EBIO, an adivaln a parasympathetic neuron,
apamin (500 nM) and 1-EBIO (10@M) significantly reduced and increased AHP
duration, respectively without affecting AHP ampte. On average, apamin reduced
AHP durations from 119.8+12.2 ms to 114.2+11.3 msl d&rom 223.7 +27.9 ms to
89.5+£16.2 ms in sympathetic (n=9) and parasympathéh=11) MPG neurons,
respectively. While, 100uM 1-EBIO increased AHP duration from 119.8+12.2 to
167.4 + 10.0 and from 223.7+279 to 290.7£37.1 igmpathetic (n=5) and
parasympathetic MPG neurons (n=6), respectivelg.(FA8). To confirm the existence
of the apamin-sensitive current components in thBGVineurons, outward tail current
(lanp) evoked following a step from a holding potent@ -50 mV to +10 mV was
recorded under the amphotericin-perforated configom of the patch clamp technique.
In many other studies, a long duration (100 ms)depolarizing step pulse procotol
was used to maximize AHP amplitude. However, thetqmol was not suitable in this
study because ¢a independent slow currents which generate bursingfirwere
activated in AHP potential with SK current durin@0L ms step pulse. Therefore 100
ms duration step pulse usually accepted by studlesut burst firing or spontaneous
burst firing neurons to identify potentiation nekiursting. Therefore in this study
accepted above describing 10 ms duration protoéal. illustrated in Fig. 29A and
29B, a phasic parasympathetic MPG neurons displdygdthat was longer in duration
and shorter in peak amplitude when compared witbsgéhof a sympathetic ones. On

average, durations ofalr were 86.4+2.3 ms (n=8) and 313.8+3.3 ms (n=11Y an
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amplitudes of Awr were 555.3+2.8 mV (n=8) and 134.8+3.3 mV (n=11) in
sympathetic and parasympathetic MPG neurons, rggelgc Apamin (500 nM) reduced
the Lup duration by 73+2 % without affecting amplitude imarasympathetic MPG
neurons. In sympathetic MPG neurons, apamin red8$ed 7 % of duration and 14 +
6 % of amplitude (Fig. 30A, B). Taken together, thedata suggest that SK channels
are responsible for generation of mAHP blocking &gamin in the MPG neurons.
However, relative contribution of SK channels toe tmAHP is much larger in

parasympathetic neurons than sympathetic neurons.

4.8.3. Functional roles of mAHP in excitability of the MPG

neurons.

Finally, the functional roles of SK channels wenvestigated in the spike firing of
the MPG neurons. Apamin (500 mM) greatly increasdém firing frequency in
parasympathetic MPG neurons (% of change: 170 +3,0h=but not in sympathetic
MPG neurons (% of change: 110+1, n=8). The SK chhmattivator 1-EBIO (100u
M) failed to change the firing frequency in both nmgathetic and parasympathetic
MPG neurons (Fig. 31). Taken together, these datmgest that SK channel determine
the firing patterns in sympathetic and parasympeth& PG neurons by generating

MAHP.
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Fig. 27. Contribution of apamin-sensitive Ca’*-activated K channels to AHP in the
MPG neurons.

AHP duration and amplitude measured before andr aftee application of Sk,
channel specific blocker apamin (500 nM) and attival-EBIO (100 uM) in (A)
sympathetic and (B) parasympathetic MPG neurons.sidgle action potentials was
triggered by 10 ms supra-threshold current injectioom resting membrane potential in

the MPG neurons.

_7‘]_



g
=]

350+ =151
— 300- -
E =
S 250 E 104
2 200- =
5 5
2 150 g
2 100 : >
50+
0 0
sympathetic Parasympathetic sympathetic Parasympathetic

|| control 500nM Apamin  [JJj 100 mM 1-EBIO

Fig. 28. Summary of contribution of apamin-sensitive SK channels to AHP in the
MPG neurons.
Effects of SK channel modulators on (A) AHP duratiand (B) amplitude of AHP in

sympathetic and parasympathetic MPG neurons. **0p3l
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Fig. 29. Measurement of lanp in the MPG neurons.

Representative traces ofnb measured in the (A) sympathetic and (B) parasyhgtiat
MPG neurons. Ap was evoked to depolarizing pulses +10 mV for 10 fram a
holding potential of -50 mV. (C) : Bar graphs showithe differences in the current
duration (left) and peak amplitude (right) betwettie sympathetic and parasympathetic

MPG neurons. Numbers of cells tested is indicatecparentheses. *** P< 0.001
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Fig. 30. Effect of a SKca channel-specific blocker, apamin on lawe in the MPG
neurons.

(A) : Representative trace ohub in the presence of 500 nM apamin. Note that the
majority of outward current in the parasympatheitPG neurons was inhibited by
apamin-induced ahp unlike the sympathetic ones. (B) : Bar graphs shgwthe
percentage of inhibition of duration, area, andkpeanplitude in the sympathetic and
parasympathetic MPG neuronsasd was measured in the MPG neurons evoked by
depolarizing pulses to +10 mV for 10 ms from a hwddpotential of -50 mV. Data

are presented as means + SEM. Numbers of celledtdst indicated in parentheses.
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Fig. 31. Effects of SKca channel modulators on firing frequency in the MPG neurons.

(A) : Representative traces of action potentialorded before and after application of
apamin (100 nM) in the sympathetic (upper) and eargathetic (bottom) MPG

neurons. Firing frequency increased in the presenteapamin. (B) : Bar graph
showing the % change of firing frequency when aaéd the drugs (apamin and
1-EBIO) in sympathetic and parasympathetic MPG omesir Ko, activator 1-EBIO (100

uM) did not affect the change of firing frequencyrains of action potentials evoked
by 400 ms supra-threshold current injection frome thesting membrane potentil.

Numbers of cells tested is indicated in parentheses
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4.8.4. Functiona roles of BK channels in the MPG neurons

BK channels are known to be sensitive to tetndatnmonium (TEA) in a low
micro molar range (Blatz and Magleby, 1987), theorsion-derived peptides,
charybdotoxin and iberiotoxin (Galvez et al., 199Recently, the mycotoxins paxilline
and penitrem A have also been described to block &tannels (Strobaek et al.,
2000). Of these blockers, iberiotoxin and paxilliaee selective for BK channels, while
the others non-selectively block different potassichannels. To examine the role of
the BK channel in regulation of excitability in thBIPG neurons, the BK channel
blockers were tested under the current clamp mdgmlication of 1 mM TEA-CI or
10 puM paxilline resulted in slow repolarization of amti potential in the
parasympathetic MPG neurons (Fig. 32 Top). In tgemathetic MPG neurons, those
blockers was less effective for slowing repolai@at of action potential. When
measured at 0 mV, the % changes of action potedtiahtion by 1 mM TEA-CI or
10 uM paxillin were 110+28% or 110+10% and 150+20% o080%30% in
sympathetic and parasympathetic MPG neurons, régelgc (Fig. 32 bottom).
Iberiotoxin (100 nM) and charybdotoxin (100 nM) haw effect on relaxation of
action potential. These results are consistent whth finding that the MPG neurons

express the34 subunit of BK channels.
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Fig. 32. Effects of BKca channel blockers on action potential repolarization in the
MPG neurons.

(A) : Action potential wave-forms before (dottednd) and after (solid line) bath
application of 1 mM TEA-Cl in the MPG neurons. (B) Bar graphs showing %
change of the action potential determined differedBK channel blockers were
applicated. Note that repolarization of action pt# was sensitive to TEA and
paxillin but not to iberiotoxin and charybdotoxihere was no effect on the action
potential duration when bath applicated BKchannel specific blocker Iberiotoxin (100
nM) and charybdotoxin (100 nM). Numbers of cellstéel is indicated in parentheses.

¥+ P< 0.001
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4.9. Effects of Ca™ ion on excitability in the MPG neurons

In general, C& influx through VACCs may be critical for activatioof SK
channels to regulate spike firing. First of alletifore effects of extracellular €aon
excitability of the MPG neurons were tested. Ausitated Figure 33, removal of
extracellular C& (i.e. 0 mM C&) increased firing frequency in both sympathetic an
parasympathetic MPG neurons. On average, in thenabsof extracellular C§ the
firing frequency was increased from 17 £3 to 24 +3 (Mange of frequency was 140
+5) in sympathetic MPG neurons, and increased dfifirequency from 6+1 to 15+2
(% change of frequency was 253 +32) in parasympatidPG neurons. Chelation of
intracellular C&" by BAPTA-AM (20 uM) produced the same effect as 0 mM?Ca
did. On average, BAPTA/AM increased the firing fueqcy from 17+4 to 18+2 in
sympathetic MPG neurons (% change of frequency %@8+11) and from 5+1 to
12+1 (% change of frequency was 307 +77) in paragghgtic MPG neurons (Fig.
34). Taken together, these results suggested tkaacellular C&" ion is critical for

regulating excitability of the MPG neurons.

_78_



100 _ Sympathetic

50 |
OmM Ca*
>
mv 0 |
-50
80 pA
-100 |
100 _ Parasympathetic
50 |
O0mM Ca®*
mv 0 | —>
50 |
60 pA
-100 |

Fig. 33. Effects of extracellular ca’* ion on excitability in the MPG neurons.
Representation traces of spike firings eviked by polonged injection of
supra-threshold current before and after removalextracellular C& (0 mM) in (A)

the sympathetic and (B) parasymapthetic neurons.
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Fig. 34. Summary of effects of extracellular Ca®" ion on excitability in the MPG
neurons.

(A) : Effects of removal of extracellular &aand BAPTA/AM on the spike frequency
in the sympathetic and parasympathetic neurons. :(BBummary. Bar graphs showing
with % change of frequency (upper) or the absolugdues of frequency (bottom).
Upper white bar; 0 mM 4 solution, black bar; 2quM BAPTA/AM, Bottom white
bar; 2 mM C&" solution (normal PSS), gray bar; 0 mM “aolution, black bar; 2
mM C&" solution containing 2Q1M BAPTA/AM. Numbers of cells tested is indicated

in parentheses.
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4.10. Contribution of HVA Ca&" channel isoforms on spike firing

in the MPG neurons.

c&’ influx through voltage-activated €a channels during the action potential
influences the firing properties of many types dfurons either directly or through
Cd*-activated K channels (Sah, 1996). Contribution of HVA ?C&hannel isoforms to
spike firing was examined in the MPG neurons us®g* channel blockers including
CdChk, (a non-specific G4 channel blocker), nimodipine (an L-type Cachannel
blocker) and w-conotoxin GVIA (an N-type Ca channel blocker). Cdglmarkedly
increased firing frequency in the parasympathetid®®Gvl neurons, but not in the
sympathetic ones. Interestingly, application of Bl nimodipine significantly reduced
firing frequency in the sympathetic MPG neurons haitt affecting that in the
parasympathetic ones. Application of 8M o-conotoxin GVIA increased firing
frequency in both sympathetic and parasympatheti®GM neurons (Fig. 35). On
average, CdG| Nimodipine and w-conotoxin GVIA changed % change in firing
frequency by 112+8%, 40+6 %, and 152+ 15 %, respdgtivia the sympathetic
MPG neurons. and by 333+48 %, 106 +11%, and 243+ 23%8gpectively in the
parasympathetic MPG neurons. Application of 308 NiCl, and 10 uM Mibefradil
slightly decreased firing frequency in the symptatheMPG neurons (% change in
firing frequency were 79+8 % and 84 +6 %, respectiyelyhile little affected that in
parasympathetic ones (% change in firing frequemsre 10512 % and 93 +£15 %,
respectively). Taken together, these data sugdest lt-and N-type HVA C& channel
have opposite roles in regulating spike firing ime tsympathetic MPG neurons while,
in parasympathetic ones, both L- and N-type HVA*Cghannels same roles regulating
spike firing. In addition, R-type Ca2+ channels eged to be not implicated in

regulating excitability in both types of neurons
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Fig. 35. Differential contribution of HVA Ca’* channel isoforms to excitability in the
MPG neurons.

Representative traces showing effects of“Cehannel blockers on firing frequency in
(A) the tonic and sympathetic and (B) the phasid @arasympathetic MPG neurons.
Tonic and phasic firing were induced by injectiof supra-threshold current for 400
ms in the (A) sympathetic and (B) parasympathetiPGvVineurons, respectively. Firing
frequency was measured before and after bath applic CdC} (300 uM), Nimodipine
(10 uM), and w-conotoxin GVIA (3 uM)
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Fig. 36. Summary of HVA Ca" channel blockers on excitability in the MPG neurons.
Effects of different HVA C& channel blockers on firing frequency in (A) synipeic
and (B) parasympathetic MPG neurons. Concentrat@fnblockers used are as follow :
CdCkL (300 pM), Nimodipine (10 uM), w-conotoxin GVIA (3 uM), NiCl, (300 uM),
and Mibefradil (10uM). Closed and open symbols in the upper line gsappresent
control and toxin-treatment, respectively. Numbes§ cells tested is indicated in

parentheses. Data are presented as meanstSEM
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4.11. Effect of L-and N-type Ca& channels on AHP and lanp in

the MPG neurons.

To explain the differential contribution of L-@nN-type C&" channels on the spike
firing, it was tested whether HVA &achannel are specifically coupled with SK or
BK channels. 300uM CdCL greatly reduced AHP size in the MPG neurons. On
average, % change of AHP durations were 64+6 % ahd 2% and % change of
AHP amplitude at 150 ms (peak of mMAHP) were 60+10%d a65+10% in
sympathetic and parasympathetic MPG neurons, regelgc (Fig. 37, 38). 10uM
nimodipine increased AHP duration and amplitude, awerage, % change of AHP
duration was 210+ 30 % (n=8), and % change of AHP lidmgde at 150 ms was 190
+40%, (n=8) in sympathetic MPG neurons. Converséy,uM w-conotoxin GVIA
slightly decreased AHP duration and amplitude, overage, % change of AHP
duration was 90+ 10 % (n=7) and % change of AHP aoqgdi at 150 ms was 40+2
% (n=7) in sympathetic MPG neurons. In parasympeth®PG neurons, nimodipine
slightly increased AHP size. On average, % chanfjeAldP durations and amplitude
were 120+10%, and 120+20%, respectively, whideconotoxin GVIA greatly
decreased AHP, on average, % change of AHP duratimh amplitude were 40 2 %,
and 30 £1 %, respectively (Fig. 37, 38).

Next, effects of CA channel blockers on mlp were examined in the MPG
neurons. As described above, sml of the MPG neurons was evoked depolarizing
pulses to +10 mV for 10 ms from a holding potenta -50 mV. Nimodipine
enhanced mhkp in sympathetic MPG neurons on average, % change mifup
amplitude and duration were 40+4 % and 52 +4 %, resmdgt While, nimodipine
slightly reduced mp, on average % change of reducing sl amplitude and
duration were 18+3 % and 25+3 %, respectively. Omeagwoxin GVIA slightly

reduced Awp in sympathetic neurons on average % change of imglutl.qp amplitude
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and duration were 25+2% and 202 %, respectivelynv@msely, greatly decreased
mlawp in parasympathetic MPG neurons, on average % ehaihgreducing miue
amplitude and durationwere 73+2%and 77 +2 %, respagti (Fig. 39, 40). This
finding indicated miue was exclusively coupled to N-type Cachannel in phasic
parasympathetic MPG neurons. Taken together, these data suggest thet (o
channel isoform makes a specific coupling to SKnckeds in the MPG neurons.
Finally, to investigate correlation between*Cahannel isoforms and BK channels,
examined effects of Ca channel blocker on transient outward current ie tMPG
neurons (Fig. 41). As previously described, gl was measured by evoked to +10
mV depolarizing pulses for 10 ms from a holding gmtial of -50 mV. Even though,
most of this transient outward peak current blockgdCdCh by % of inhibition were
63+7% and 50+8 % in sympathetic and parasympath&ft$> neurons, respectively,
there was remaining apamin insensitive transientakpecurrent. Application of
nimodipine particularly reduced transient peak entrin sympathetic MPG neurons (%
of inhibition : 42 £7 %), while less affected in payanpathetic ones (% of inhibition :
15+7 %). Omega-conotoxin GVIA slightly decreased nsiant peak current in
sympathetic and parasympathetic MPG neurons (%nbibition : 4+2% and 218
%, respectively). These data suggested that trangeatward current induced by BK

channels coupled with L-type &achannel in sympathetic MPG neuron.
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Fig. 37. Effects of HVA Ca’* channel blockers on AHP in the MPG neurons.

Representative traces showing AHPs before and adaplication of C& channel

blockers, Nimodipine (10uM), w-conotoxin GVIA (3 uM), and CdC{ (300 uM) in

(A) the sympathetic and (B) parasympathetic MPGromst A single action potentials

were evoked by 10 ms supra-threshold current iigjest from

resting membrane

potential to monitor the AHP. HVA Ca channel blockers differentially contribute to

the AHP in sympathetic and parasympathetic MPG oreur
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Fig. 38. Summary of the effects of HVA Ca™ channel blockers on AHP in the MPG
neurons.

Bar graphs comparing the % change of AHP (A) darator (B) AHP amplitude with
the sympathetic and parasympathetic MPG neurores &fath application of HVA Ca
channel blockers. Data are presented as meanstSEbmbers of cells tested is

indicated in parentheses.

_87_



Cdcl, Nimodipine ®-CoTxGVIA

+10 mv

-50mV

Fig. 39. Effects of HVA Ca’* channel blockers on miaqp in the MPG neurons.
Representative traces showing effects of°*Cehannel blockers onade in the (A)
sympathetic and (B) parasympathetic MPG neuronse Tl currents (mkp) were
recorded after depolarizing pulses to +10 mV for 8@ from a holding potential of

-50 mV.
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Fig. 40. Summary of the effects of HVA Ca™ channel blockers on miawe in the MPG
neurons.

Bar graph showing changes in percentage ofus(A) duration and (B) amplitude in
the sympathetic and parasympathetic MPG neuronsHMA Ca”* channel blockers.

Numbers of cells tested is indicated in parenthefgmta are presented as means =
SEM
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Fig. 41. Effects of Ca™ channel blockers on fast transient outward current in the MPG

neurons.
(Left) : Representative traces showingufl in the absence or presence of GdC00
uM), Nimodipine (10 uM) and eo-conotoxin GVIA (3 uM). (Right) : Summary of the
effects of C&" channel blockers on e in the sympathetic and parasympathetic MPG

neurons. The amplitude of Aflr was measured 3 ms after depolarizing pulses to +10

mV. * P< 0.05.
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4.12. Effects of Ca’*-activated ClI” channels on firing frequency in

the sympathetic MPG neurons

In many types of neurons, a transient outwardreci contributes to the initial
phase of repolarization during the action potentRécent studies have suggested that
Cd*-activated Cl channels (CaCCs) is also involved in the processledepolarization
and afterdepolarization (Yanfang Xu et al. 2002; arti#ell C. et al, 2005). To
investigate the relationship between CaCCs andtability in the MPG neurons, CaCC
blockers (300uM Niflumic acid or 100 uM DIDS) were tested in the sympathetic
MPG neurons. Bath application of niflumic acid odD3 significantly reduced firing
frequency in the sympathetic MPG neurons, which waminiscent of nimodipine
effect (Fig. 42). In addition, these blockers imged Aup in the sympathetic MPG
neurons (Fig. 43), On average, niflumic acid insesh % change of peak amplitude
and mhup amplitude to 130+£10% and 350 60 %, respectivelysympathetic MPG
neurons. In parasympathetic MPG neurons, niflumitd eor DIDS had no effects on
firing frequency (data not shown), and slightly wedd outward current amplitude
(mlanp) about 20 + 1%, while slight increase in peak currabout 150+ 30 % (Fig.
43). Taken together, these results suggest thatgfiproperties of sympathetic MPG
neurons was partially affected by the CaCC andceftéd this channel was reminiscent

of L-type C&* channel.
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Fig. 42. Ca™-activated CI" channel blockers decreased firing frequency in the
sympathetic MPG neurons.

(A) : Representative traces showing spike firingfobee and after application of
niflumic acid (300puM) and DIDS (100u). (B) : Graphs showing the change of firing
frequency (Hz), (upper) and fold change in freqyerilower) before and after CaCC
blockers in the sympathetic MPG neurons. Numberscells tested is indicated in

parentheses. Data were presented as means + SEM

_92_



Sympathetic Parasympathetic
0.lnA 0.2 nA
50 ms 01s

B
. 2001 (5) . 5004 b
g fe] T
400 4

2 150 o
- o
A = 3001
2 1001- - =
(] -
% % 200
© -
5 M g 1004-{--------f---— -

0.0 0.0

S PS

Fig. 43. Effects of niflumic acid on lanp amplitude in the MPG neurons.

(A) : Representative traces showing changgs lin induced by niflumic acid (300
pM) in the MPG neurons. (B) : Bar graphs showing $#tanges in peak amplitude of
mlawe (left) and % changes of me amplitude measured at 100 ms point after
depolarizing step pulse (right) in the sympathedicd parasympathetic MPG neurons.
Numbers of cells tested is indicated in parenthefssta were presented as means *

SEM **P< 0.01
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4.13. Effects of intracellular stores on excitability in the MPG

neurons.

Finally, contribution of Ca-induced C& release (CICR) on excitability was
examined. Using ryanodine (10M) was a blocker of specific Carelease from the
endoplasimc reticulum (ER), and thapsigargin (10W),na specific bloaker of the
sarcoendoplasmic reticulum €s\TPase (SERCA) on ER, which depletes the
intracellular C&' store. Both ryanodine and thapsigargin had noceften spike firing
pattern in both sympathetic and parasympathetic Miarons (Fig. 44 and 45). In
control experiments, nimodipine decreased firinggérency in the sympathetic MPG
neurons after treatment of ryanodine or thapsigafgr 10 minitues in the cells (Fig.
45). Therefore, these data suggest that intraeell@&” store is not relevant to spike

firing in both type of MPG neurons.
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Fig. 44. Test of intracellular Ca’" store in regulation of excitability in a
parasympathetic MPG neuron.

To investigate involvement of intracellular ¢a10 uM ryanodine (A) and 100 nM
thapsigagin (B) were applied for 10 min to a pamasgthetic MPG neurons. Note that

no changes in firing frequency occurred in the gpamgathetic MPG neurons.
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Fig. 45. Test of intracellular Ca®* store in regulation of excitability in a sympathetic
MPG neuron

To investigate involvement of intracellular ¢a10 yM ryanodine (A) and 100 nM
thapsigagin (B) were applied for 10 min to a syrhptit MPG neurons. Note that no

changes in firing frequency occurred in the symeti¢thMPG neurons.
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V. DISCUSSION

The purposes of the present study were to iigadst 1) expression profile of
HVA Ca" channel isoforms, 2) the basic mechanisms undeylyispike firing
properties, and 3) functional roles of the HVA *Cahannel isoforms in regulation of

excitability in the sympathetic and parasympath&ieG neurons.

5.1. Expression profile of HVA Ca”* channel isoforms in the MPG

neurons

The MPG provides a good model system for stuglyiell-specific gene expression
and functions (e.g., tonic versus phasic firing tgras) in the autonomic nervous
system because one ganglion capsule possessessyotbathetic and parasympathetic
neurons (Dail, 1996). The impetus for the presdntlys arose from previous findings
that LVA T-type C& channels encoded by thelH are exclusively expressed in the
sympathetic MPG neurons (Zhu et al., 1995; Lee Igt 2002). Accordingly, one may
speculate that expression profile of HVA *Cachannel subtypes could be different
between sympathetic and parasympathetic MPG nsuratich may affect functions
of the neurons and eventually of their innervatingpgenital organs. In conjunction
with the RT-PCR and Western blot analyses, howevtee pharmacological studies
with nimodipine, o-conotoxin GVIA, andw-agatoxin IVA indicate that the expression
profle of HVA Cd&" channels is identical for two populations of MPGurons,
although functional roles of certain subtypes appeabe cell-specific (see below).

The total C& channel currents commonly comprise L-, N-, andyjet currents in
the MPG neurons: N-type €achannel is the most dominant subtype responsibte f

60% of the total currents, which is comparable wilkher mammalian autonomic
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neurons, including sympathetic superior cervicaloldd et al., 1994; Zhu et al,
1995), celiac-superior mesenteric (Carrier and dketl992), parasympathetic intracardiac
(Xu and Adams, 1992; Jeong and Wurster, 1997), padatrachial (Aibara et al.,
1992) neurons. L-type Cacurrents mediate approximately 15% of total*‘Ceurrents
and appear to arise from bothlC and alD isoforms. In the MPG neurons,
substantial currents (25% of total currents) weesistant to application of nimodipine
and w-conotoxin GVIA. Most autonomic neurons are known display the non-L- and
non-N-type currents (Adams and Harper, 1995). Hawnewo far, the nature of these
currents has been poorly defined, although they emected to consist of P-, Q-, and
R-type CA&" currents. Although P- and Q-type Tachannels are thenlA gene
products, biophysical and pharmacological phena@ypee quite different. This may be
because of the differential splicing of tlelA subunit (Bourinet et al., 1999) and/or
its association with differenf3 subunits (Moreno et al., 1997; Mermelstein et al.,
1999). Noninactivating P-type &achannels are potently blocked hy-agatoxin IVA
(ICso = ~1 nM), whereas Q-type €achannels with fast kinetics are less sensitive to
the toxin (IGo = ~100 nM) (Randall and Tsien, 1995). In the pnésexperiments,
RT-PCR and Western blot analyses failed to detbet dlA transcript and protein.
Consistent with these results, 1 pMagatoxin IVA blocked none of the currents
remaining in the presence of nimodipine ameconotoxin GVIA. Taken together, it
was concluded that P/Q-type Cachannels are absent in the MPG neurons. Previous
studies have shown that P/Q-type’Cahannels together with N-type channels mediate
sympathetic and parasympathetic neurotransmissionrat vas deferens (Wright and
Angus, 1996; Tran and Boot, 1997) and bladder dettu respectively (Frew and
Lundy, 1995; for review, see also Waterman, 2008%jcordingly, it is likely that the
P/Q-type C& channels are exclusively localized in synapticmieals but not in cell
bodies of the MPG neurons.

Overall, R-type C& currents appear to solely constitute the*'@ensitive non-L-

and non-N-type currents in the MPG neurons. Westddnt analysis revealed
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expression ofalE proteins in the MPG neurons. Similar to the maloimant alE
(rbEIl) channels expressed in HEK 293 cells (Zampeh al., 1996) and Xenopus
oocytes (Soong et al., 1993), R-type*Caurrents in the MPG neurons were highly
sensitive to Ni" block (IGo = 22+0.1 uM). Accordingly, it is likely that thelE
underlies R-type 4 currents in the MPG neurons. ThezNisensitivity of the R-type
cd”* channels is similar to that of T-type Cachannels previously reported (Lee et
al., 2002; Jeong et al., 2003) and appears to behnhigher than that of L- and
N-type C4&" channels (Jeong et al., 2003). Interestingly, SMN&; a selective
antagonist of the recombinamtlE channels (See Figs. 14 and 15), failed to block
R-type C&" currents in the MPG neurons, which is also obskrire several types of
central neurons including rat cerebellar granuleuroes (Newcomb et al., 1998).
Recent studies using antisense or transgenic gieatehave shown that thelE gives
rise to SNX-482-sensitive and -resistant compon€Riedras-Renteria and Tsien, 1998;
Tottene et al., 2000; Sochivko et al.,, 2002), whoslative contribution to R-type éa
currents may vary from one cell to another cell. the MPG neurons, likewise, the
majority of SNX-482-insensitive R-type currents weproved to be encoded hylE
using the siRNA silencing technique. Like P/Q—typta2+ currents as explained above
(Moreno et al., 1997; Bourinet et al., 1999), theyRe C4&" currents with a different
toxin sensitivity may also arise from alternativpliing and/or heterogeneity of &a
channel auxiliary subunits. Indeed, some studiegagufRT-PCR analysis have revealed
multiple splicing variants of the&lE gene in rat cerebellar granule neurons (Schramm
et al., 1999) and human cerebellum (Pereverzevl.et1898). On the other hand, it
has been found that sensitivity of the recombinartE channel to SNX-482 is
independent of Ca channel B subunits (Bourinet et al., 2001), although effects
other auxiliary subunits (i.ex;5 and y subunits) remain unknown. RT-PCR analysis of
MRNA isolated from the MPG neurons revealed onlgirgle splice variant containing
a shorter II-1ll loop and longer N- and C-terminbropared with the cloned rat version

(rbEll). This is reminiscent of rat cerebellar \anis corresponding to SNX-482
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resistant R-type Ca currents (called "G3" or "Rc" oralee’ form) (Schramm et al.,
1999). Taken together, the most plausible explanatior resistance of R-type €a

currents to SNX-482 in the MPG neurons may userrateve splicing of the prototype
olE. However, one should note that the spliced l@om terminal regions cannot
interact with externally applied SNX-482. Recenudst of Bourinet et al. (2001) has
suggested that candidate binding sites of SNX-48y rbe the domain Il and IV
S3-S4 linker of thealE subunit. Thus, it may be interesting to identifie splicing

variant responsible for resistance to SNX-482 ia MPG neurons.

5.2. The basic mechanisms underlying spike firing properties in the

MPG neurons

The sympathetic and parasympathetic MPG neutmenge tonic and phasic firing
patterns, respectively. In many neurons, *‘@ativated ion channels play important
roles in controlling spike firing by forming prolged AHP of the membrane potential.
More importantly, these Cadependent currents rely on Tainflux through the
VACCs (Sah, 1995; Williams et al., 1997). In gehethe medium AHP controls the
tonic firing of neurons, whereas the slow AHP isspensible for spike frequency
adaptation, a prominent reduction in the firinggfrency in the late phase of responses
to prolonged depolarizing stimuli (Sah, 1996). Aatogly, in the present study,
Cd*-activated K channels were considered as the major ion chammesisonsible for
neuronal excitability, because of their implication generation of the medium and
slow AHPs. The MPG neurons also displayed the mAfdRowing a single action
potential. However, the shape of the mAHP was qdiféerent in the sympathetic and
parasympathetic MPG neurons. That is the formee, damplitude and duration of the
mAHP was large and short, respectively, while ie fatter, vice versa, suggesting the

ionic mechanisms underlying the mAHP may be difierbetween the two types of
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the MPG neurons. Consistent with the notion, the &iénnels underlie most of the
mMAHP in the parasympathetic MPG neurons, while tlewtribute minimally to that

in the sympathetic ones. A pharmacological studg Bhown that the SK2 and SK3
channels are very sensitive to apamin, while thel SiKannels are apamin insensitive
(Kohler et al.,, 1996). Together with the RT-PCRad#hhat the MPG neurons expressed
transcripts of SK2 and SK3 subunits with an exaeptof SK1 subunit, it is suggested
that the mAHP arises from SK2 and/or SK3 channelsthie parasympathetic MPG
neurons.

Unlike the SK channels, the BK channels contgbuminimally to setting firing
rates in the MPG neurons as reported previoushbdFaet al., 2002). Because BK
channels require for activation coincident *Canflux and membrane depolarization to
open channels under physiological conditions (Quiale 1997), it is unlikely that they
are active during the interspike interval. Convisrseghe BK channels are responsible
for action potential repolarization in the MPG rms. Several studies have shown that
different 3 subunits determine the pharmacological propertiésth® BK channels
(McManus et al., 1995; Dworetzky et al., 1996; Meest al., 2000), and alters the
voltage-dependence (Wallner et al., 1995), appa@rﬁf sensitivity (Ramanathan et al.,
2000), and kinetics of the assembled channels Me¢tral., 1996). For examples, the
BK channels formed by the- and p4-subunits, which are found in the brain, are
resistant to charybdotoxin and iberiotoxin (Meera a., 2000). This resistance is
thought to be due to the extracellular loop of fesubunit that forms a part of the
toxin receptor and prevents the transport of theintofrom the binding site.
Co-expression ofa- and Bl-subunits in rat insulinoma tumor (RINm5f) cells dan
adrenal chromaffin cells confers a reduced seiisitito charybdotoxin and also causes
an inactivation of the channel (Ding et al.,, 1998a et al., 1999). It is likely that
the BK channels expressed in the MPG neurons congaithe B4-subunit since
repolarization of action potential were affected BEA-CI at low concentrations and

paxillin, but not charybdotoxin and iberiotoxin. i$hnotion is additionally supported by
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the RT-PCR result that the MPG neurons mainly esprBK{34 subunit. The relative
contribution of the BK channels on the fAHP (asgad by the repolarization speed)
was more prominent in the parasympathetic neurtwas tthe sympathetic neruons. In
the sympathetic MPG neurons, other types of ionnobls such as the M-type 'K
channels appear to be important for repolarizattbraction potential . Considering that
these BK blockers barely affect firing frequency iboth sympathetic and
parasympathetic MPG neurons, the SK channels maymbee important for spike
firing properties in the MPG neurons. However, mastudies have shown that AHP
was induced by other ion channels besideé*-@ativated K channels, which control
the inter-action potential trajectory. For examplea hyperpolarization activated
non-selective cation currentyXl (Mercuri et al., 1995), rapidly inactivating *Kcurrent
(In) (Liss et al., 2001), Naactivated K channels (Bhattacharjee and Kaczmazek,
2005), and KCNQ channels (Forti et al., 2006) aepable of triggering mAHP or
SAHP through szi—independent mechanisms. Therefore,”@@dependent mechanism in
the MPG neurons await to be examined. It was gépesssumed that an AHP with
a large amplitude results in a slow rate of spoedas action potential generation, and
vice versa. However, some studies have reportetl AP duration is also important
for regulation of firing frequency (Susumu et aR005). In the MPG neurons,
however, AHP duration rather than AHP amplitudeth® critical determinant of the

tonic and phasic spike firing properties.

5.3. Functional roles of the HVA C&" channe isoforms in

regulation of excitability in the MPG neurons.

It is obvious that CA entry, but not Cd release from the internal stores in
critical for controlling spike firing in the MPG neons. Although there are many

routes for C& entry, the VACCs may be the most popularly used the MPG
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neurons. In the MPG neurons, the VACCs are impitain transmitter release in the
synaptic terminals as well as spike firing in thell cbodies. Several studies have
suggested that N- and P/Q-types, but not L-type’* Gzhannels mediate synaptic
transmission between postganglionic neurons andcteffs such as the urinary detrusor
and the vas deferens (Waterman, 2000). The rolesRdfpe C& channels in
transmitter release are yet unclear. A previouslysthas shown that LVA T-type &a
channels are implicated in generation of low-thoddhspikes in the sympathetic MPG
neurons (Lee et al., 2002). Likewise, the HVAZCahannel subtypes expressed in cell
bodies of the MPG neurons appear to contribute gikes adaptation in cell-specific
ways. Among the HVA C&A channel isoforms, N-type €a channel, the most
abundant one in the MPG neurons, plays a negatgelator of spike firing in both
sympathetic and parasympathetic neurons?* Gaflux through N-type C& channels
was responsible for AHP andub in both types of MPG neurons. Therefore, block of
N-type C4" channel increased spike firing frequency througltréasing AHP andade

in the MPG neurons. This is quite comparable wittheo types of neurons. For
examples, Davies et al. (1996) have been reported €&" influx through N-type
channels reduced excitability by selective actoatiof small conductance Eaactivated
K* channels (SK type) in rat superior cervical gasmliln lamprey spinal cord motor-
and interneurons, apamin-sensitive “Cactivated K channels underlying the AHP are
activated primarily by G4 influx through N-type channels (Wikstrom and Manir
1998). Unlike the N-type CGa channel, the L-type one acts as a positive regulaf
spike firing especially in the sympathetc MPG rmms. The effects of Ca influx
through L-type channels on the AHP angupl in sympathetic MPG neurons are
different from those in parasympathetic ones. Aditmly, block of L-type C&
channels decreased spike firing through enhancibtP Aand Awe in sympathetic MPG
neurons, without affecting that in the parasympith®IPG neurons. These findings
suggest that L-type ones unlike N-type®Cahannels are coupled to the SK channels

to allow the tonic firings in the sympathetic MPGeunons. Previous studies have
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reported coupling between L-type Tachannels and Caactivated K channels
contribute to AHP in some neurons. For examples,hippocampal neurons, L-type
channels activate SK but not BK channels (Marriowd & avalin, 1998). On the other
hand, in rat SCG neurons (Davies et al., 1996)ydetC&" channels are coupled to
the large conductance (BK type) “Gactivated K channels to accelerate repolarization
of action potential. Especially, L-type €achannel contribute to transient outward peak
current (fAHP) but N-type ones did not contribute this current in sympathetic MPG
neurons. Brenner et al.,, (1995) proposed a hypsthést the broader action potentials
allow a greater C& influx during each action potential. As a resule®Cions are
accumulated to a level that sustain the SK-typenoéks, thereby prolonging the
interspike interval and increasing spike frequeragaptation. Actually, a larger AHP
associated with spike broadening has been obsearvedAl hippocampal cells (Kamal
et al.,, 2003) and in the early component of anoactpotential train in the lateral
amygdala (Faber et al., 2002). However, in thisdwtuthe correlation between action
potential broadening and sustaining of SK channelilcc not define and remained
further study.

In addition, C& independent residual transient outward currenb alsas elicited
with lawp in the MPG neurons. Those may be composed witherdifit kinds of
channels such as €aactivated Cl channels or other cation channels. Taken together,
these data suggested that fast transient curreng b encoded by BK channel
coupling with L-type C& channel in sympathetic MPG neurons. In general, BK
channels do not contribute to regulating of spikeqfiency. Therefore, the question
arise what kinds of channels regulate to AHP bes@ttt’ activated K channels in
MPG neurons. One of candidates may be anion chenmdlich can significantly alter
resting membrance potential and the duration of dlcdon potential. Previously, have
reported that Clwas the charege carrier of Caactivated current in some neurons
(Andrew et al., 1992). Blockers of &aactivated Cl channel significantly reduced

firing frequency in sympathetic MPG neurons likeeHfects of L-type blocker. There
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were some reported that niflumic acid inhibitednfir frequency in myometrium (Jones
et al.,, 2004) and other group reported that blodk @e" activated ClI channel
inhibited action potential after-depolarizations rat cultured DRG neurons (Ayar et al.,
1999). Take together, these results suggested Gt activated Cl channel contribute
to neuronal excitability through regulate AHP sipe sympathetic MPG neurons.
Finally, several previous studies have reportbéit K and Cl conductances
responsible for AHP and ADP, respectively were vattd by C& induced C&
release (CICR) from intracellualr stores (Martind894; Davies, et al., 1996; Ayar, et
al., 1999). These findings are not comparable witle previous reports where the
internal C&" releas regulates spike firing through activatioh G&’* dependent K or

CI" channels.

5.4. Summary of differential roles of Ca’* channel isoforms in

regulation of excitability in the MPG neurons.

This study suggests that Cainflux through L-, and N-type HVA Ca channels
during action potential seems to directly activatertain types of Céactivated K
(BK and SK) and/or Clchannels (CaCC) in the MPG neurons. In sympathktiRG
neurons, L-type Ca channels and BK channels are closely associateeteah N-type
c&* channels are mainly linked to the SK channels .(Ei). The ADP produced by
the CaCCs channels appear to be large enough teetothe mAHP by the SK
channels, thus conferring the tonic firing propetty the sympathetic MPG neurons.
Block of L-type channel results decreases excitgbiind broadens action potential.
Conversely block of the N-type €a channel slightly increase excitability in the
sympathetic MPG neurons (Fig. 47, left). In the aggmpathetic MPG neurons, among
the HVA C&" channel isoforms, N-type &a channels play major roles in firing

adaptation by coupling the SK channels (Fig. 4@htii Accordingly, block of N-type
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C&" channels leads to augmentation of excitability feylucing the mAHP (Fig 47,
right) L-type C4&" channels and BK channel closely correlated in ssthggic MPG

neurons, while L-type ones in parasympathetic nerooupled with SK channels. As
described above, the BK channels may exert nefgigiffects on firing frequency

unlike the SK channels.
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VI. SUMMARY

. The MPG neurons functionally expressed all oé tHVA C& channel isoforms

(N-, L- and R-type) with the exception of the PApé encoded by thelA.

. There was no significant difference in expressjrofiles of HVA C4" channels

isoforms between sympathetic and parasympathetic Mi@urons.

. The MPG neurons expressed SNX-482-resistantpB-€4" current encoded by a
splice variant of thealE with long N- and C-terminus and short Il-lll jwo

(cerebellum type; SNX-482 resistant Rc, G3 adze form)

SK channel-induced medium AHP determines firipgttern of sympathetic and

parasympathetic MPG neurons.

. BK channel-induced fast AHP more contribute wicm potential repolarization in

the parasympathetic MPG neurons than the sympatlogigs.

C4" influx through L- and N-type Ca channels contributes to regulating

excitability of sympathetic and parasympathetic MR@urons in different ways.

. N-type C& channel plays a negative regulator of spike firingboth sympathetic
and parasympathetic neurons. *Cainflux through N-type C4 channels was
responsible for AHP andadr in both types of MPG neurons. Therefore, block of
N-type C&" channel increased spike firing frequency througitreasing AHP and

lawp in the MPG neurons.
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8. The L-type CH channels acts as a positive regulator of spikimgfirespecially in
the sympathetic MPG neurons. The effects of " Gaflux through L-type channels
on the AHP and Ahp in sympathetic MPG neurons are different from éas
parasympathetic ones. Accordingly, block of L-ty@e" channels decreased spike
firing through enhancing AHP andadb in sympathetic MPG neurons, without

affecting that in the parasympathetic MPG neurons.

9. These finding suggested that N—type2+CehanneIs coupled with SK channel in both
types of MPG neurons, while, L-type Cachannel correlated with CaCC and BK
channel in sympathetic MPG neurons, and coincidendgh SK channel in

parasympathetic ones.
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VIlI. CONCLUSION

In conclusion, the MPG neurons from adult ratpress three distinct subtypes of
HVA Ca&" channels : L-, N-, and R- types. The P/Q-typ€ Gzannels are not found
in cell body, although they are suggested to bealioed in the neuromuscular
terminals. The expression profile of HVA %€achannels is identical in both
sympathetic and parasympathetic neurons, and thX-439 resistant R-type currents

encoded from alternative splicing of thelE ("alee" or " Rc" type) and functionally
expressed in the MPG neurons. Sympathetic and mpaapetic MPG neurons had
different mechanism to modulate spike firing. MeditAHP mediated by SK channels
and properties of action potential repolarization BK-a and BK{34 subunit determine
the phasic firing pattern in parasympathetic MPQuraes. Conversely, less effective
contribution of C& activated K channels and ADP by Caactivated Cl channels
determine the tonic firing pattern in sympatheticP® neurons. Finally, &4 influx
through L- and N- type G channels differently contribute to regulating eabitity in
sympathetic and parasympathetic MPG neurons’” @aflux through N-type channel
reduced firing frequency in both sympathetic andrapampathetic neurons through
enhancing Aw» and AHP, while C# influx through L-type channel greatly enhanced
the firing frequency through diminishing AHP angud in sympathetic MPG neurons
without affecting parasympathetic ones. These figdisuggested that N-type Ca
channels coupled with SK channel in both types d®?Gvineurons, while, L-type €a
channel correlated with CaCC and BK channel in stimgtic MPG neurons, and

coincidence with SK channel in parasympathetic ones
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