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Abstract

The activity patterns of 5-HT-releasing neurons banpositively correlated with
behavioural state and motor function and the ckbtdT system modulates motor
activity at the cellular level. The rat facial monhuclei are densely innervated by 5-
HT releasing afferents and 5-HT-mediated modulagbion channels on the soma
and dendrites can markedly influence the excitgbif facial motoneurones and
their integration of excitatory postsynaptic poiaist(EPSPs). 5-HT facilitates facial
motoneuron excitation by inhibiting a ‘leak’ potasa (K*) conductancegK ™ cay
and enhancing the hyperpolarisation-activated natigrent,l,. These actions of 5-
HT have been confirmed using whole-cell voltagengarecordings from visually
identified facial motoneurones in an acute bramsteslice preparation.
Pharmacological approaches have been used tofiddrgi receptors which mediate
the actions of 5-HT in facial motoneurones. Thaibition of gK™ eax by 5-HT can
be blocked by the 5-HE receptor antagonist, R96544 (0.3 #M) and the
enhancement df, by 5-HT is sensitive to the 5-HTeceptor antagonist, SB269970

(0.3 — 10uM).

Noradrenaline was also found to inhigK™ ca Vvia activation ofa; adrenoceptors,
and the molecular identity of the amine-sensitileak’ K* channels has been
investigated. TASK-1 and TASK-3 are pH-sensitiw®4pore domain K channels
that can be modulated by amines and provide ‘léék’conductances in several
central neurones. The mMRNAs for these channele haen reported to be present in
the rat facial motor nucleus. ThgK" e in facial motoneurones is sensitive to

changes in external pH and has a @K~7.1, which is intermediate between the



values for homomeric TASK-1 and TASK-3 channels (dnd 6.8 respectively).
The TASK-1 selective inhibitor anandamide (10 pMs stable analogue
methanandamide (10 pM), the TASK-3 selective irtbibruthenium red (10 pM)
and Zrf* (100-300 uM)all failed to alter the actions of noradrenalinecbenging
external pH. These findings argue against princgmntributions togK cax by
homomeric TASK-1 or TASK-3 channels. Isofluraneyalatile anaesthetic that
enhances heteromeric TASK-1 / TASK-3 currents, mpidéed gK | o« SUpporting a
predominant role for heterodimeric TASK-1 / TASKeBannels in theK e in

facial motoneurones.

Evoked fast excitatory synaptic transmission in th&al motor nucleus has been
characterised and NMDA and non-NMDA receptor-megtlatcomponents of this

synaptic transmission have been identified. Thhoaigombination of analysis of the
paired pulse ratio, rate of failure to generateesponse and the frequency and
amplitude of miniature excitatory postsynaptic eats (MEPSCs) this study

provides evidence to suggest that glutamate relrase pre-synaptic terminals in

the facial motor nucleus is depressed by 5-HT.sHaittion of 5-HT is mediated by

activation of presynaptic 5-Hg receptors as this effect is mimicked by the 51T

receptor agonist, CP93129 (1) and can be blocked by the 5-kkTreceptor

antagonist, isamoltane (M).

These studies indicate that the modulation of syoamtegration in the facial motor
nucleus involves activation of distinct pre- andtpsynaptic 5-HT receptor subtypes.

These findings not only increase our understandinthe cellular mechanisms for



the 5-HT modulation of motor activity but may alse relevant to the role of 5-HT

in the control of other central neurones.
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Synopsis

This thesis addresses several aspects of rat faceineurone (FM) excitability in
an attempt to further understanding of the mechasi®y which motoneurones
process the thousands of inputs they receive tduyoe the functional output of
muscle fibre contraction. The activity of cent&HT and NA neurones show
positive correlations with motor activity and batleurotransmitters modulate FM
excitability. The ionic mechanisms by which thisdualation is exerted are further

investigated in this thesis and the findings ararsarised here.

It has previously been determined that FMs possgsshannelsif and gK eaW) in
their membranes that control their intrinsic eXaiity. The modulation ofly and
oK Leak Underlies the excitatory actions of exogenouslypliad 5-HT and NA

(Larkman and Kelly 1992; Larkman and Kelly 1997rkraan and Kelly 1998).

The inhibition ofgKeak in Neonatal FMs by 5-HT and NA is confirmed in @tea 3
and the molecular identity of the FNK cak Was further investigatedgKeak Was
found to be sensitive to changes in external pHyssiing the channel is a member
of the TASK family of leak K channels and the pH-sensitivity was found to be
intermediate between the reported values for homomBASK-1 and TASK-3

channels (Talley, Lei et al. 2000; Karschin, Wiselyer et al. 2001).

The pharmacology alK,cakWwas also investigated. Ruthenium red is knownlaoko
TASK-3 homomeric channels but was found to haveefiect on the FMgK | eak
(Czirjak and Enyedi 2003). Human TASK-3 channedsehalso been shown to be
blocked by ZA*, however, thegK ea in rat FMs was not found to be sensitive to

Zn** (Leonoudakis, Gray et al. 1998; Clarke 2003). rdwmide has been reported
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to block homomeric human TASK-1 channels at lowrontolar concentrations (and
homomeric TASK-3 channels at higher concentrationsyvever, it failed to block
the FM gK eak (Maingret, Patel et al. 2001). Metabolic degranfatdf anandamide
can occur in somen vitro preparations but this can be prevented with adactyil
trifluoromethyl ketone (ATFK) (Barbuti, Ishii et.a2002). Neither anandamide, in
the presence of ATFK, or the metabolically stablalague of anandamide,
methanandamide, significantly blockgll,caxin FMs (Maingret, Patel et al. 2001).
The pharmacological activity of ruthenium red andtimnandamide was validated
using cultured cerebellar granule neurones whiole Heeen shown to posses both
TASK-1 and TASK-3 homomeric channels (Maingret,éPat al. 2001; Han, Truell
et al. 2002; Kang, Han et al. 2004). These phaological studies provided

evidence against a homomeric TASK-1 or TASK-3 idgrior the FMgK | eax.

TASK-1 and TASK-3 subunits have also been showlorim functional heteromeric
channels (Czirjak and Enyedi 2002; Talley and BayR002). The non-selective
TASK-1 and TASK-3 channel inhibitor, bupivacainesimlly occluded the NA- and
low pH-induced inhibition of the FMJK | cak (Leonoudakis, Gray et al. 1998; Kim,
Bang et al. 2000). The anaesthetic isoflurane bitéicurrents mediated by
homomeric TASK-1 channels and enhances currenteeddry homomeric TASK-3
and heteromeric TASK-1 / TASK-3 channels (Berg,l&akt al. 2004). Isoflurane
increase®K eak in four out of five FMs (it was inhibited in themaining FM). The
inhibition by bupivacaine, enhancement by isofleraand the intermediate pH-
sensitivity indicates thagK ..« may be mediated by TASK-1/TASK-3 heteromeric
channels. The observation tlgit, ..« iIn one FM is inhibited by isoflurane suggests

there may be heterogeneity of channel compositigthinvv the FM population.
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Chapter 4 investigates the receptor subtypes tlediate the different actions of 5-
HT in FMs (inhibition of gK eak and enhancement df) and the adrenoceptor
involved in the inhibition oOK .ok Earlier studies suggested that a 5;Hdceptor
subtype mediated the inhibition @K ek by 5-HT (Rasmussen and Aghajanian
1990). The 5-H7a receptor antagonist, R96544, significantly reduttesl 5-HT-
induced inhibition ofgK | eak Supporting the involvement of this receptor subtyp
the effects of 5-HT (Ogawa, Sugidachi et al. 200Bhe enhancement &f by 5-HT
has previously been shown to involve a direct acitd CAMP on the channel,
however, the receptor subtype that activates adenglyclase to produce the cAMP
was unknown. 5-H7receptors positively couple to adenylate cyclasevity and
here it is shown that a recently developed 5-kdceptor antagonist, SB269970,
blocked the enhancement bf by 5-HT suggesting 5-HTreceptors mediate this
excitatory action of 5-HT (Hagan, Price et al. 2000vell, Bromidge et al. 2000). It
is also determined that the inhibition 9K cax by NA was mimicked by the-
adrenoceptor agonist, phenylephrine, and blockethéy;-adrenoceptor antagonist,

prazosin.

The mechanism by which receptor activation leadddsure of the channel carrying
OKeak is also discussed in Chapter 4. 53KBnd a;-adrenoceptors couple togG
proteins that stimulate phospholipase-C (PLC) d#gtivthereby increasing the
hydrolysis of phosphatidylinositol biphosphate (flih the membrane, however,
altering the downstream pathways of PLC (incread&d from internal stores and
protein kinase C activity) has no effect on M ek (Alberts, Johnson et al. 2002).
Mice lacking PLCB1 showed a reduced NA-induced current, whereasSthd -

induced current was not significantly reduced. atidition, immunohistochemical
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techniques were utilised to demonstrate the preseficPLCf in the wild-type
mouse FMN. Although PL@1 activity appears important for the action of NA i
the FMN, the actions of NA appear not to be depehde the transduction pathways
that follow PLC activation (increased [€R and PKC activation, respectively)
(Larkman and Kelly 1998; Larkman, Perkins et al 200Depletion of PIPfrom the
membrane has been proposed as a mechanism thaliesttes inhibition of several
two pore K-channels (including TASK-1 and TASK-3adnels) and KCNQ2/3
channels (Suh and Hille 2002; Zhang, Craciun et2@03; Lopes, Rohacs et al.
2005). Itis possible that a similar mechanismeuhes the inhibition ofK eax in rat
FMs though a direct action of the G proteisubunits cannot be ruled out (Chen and

Talley 2006).

How these postsynaptic actions of 5-HT and NA matdukynaptic transmission in
FMs is of interest. Chapter 5 characterises fasagtic inputs into FMs as the initial
stage in understanding how 5-HT and NA modulateggtjc transmission in these
neurones. Excitatory postsynaptic currents (EPS@=e evoked by placing a
stimulating electrode close to the dendrites ofva Minimal stimulation intensities
were applied and evoked EPSCs that fluctuated pliarde and occasionally failed
to evoke a response. The AMPA/kainate glutamatepter antagonist, NBQX,
reduced the mean EPSC amplitude (Sheardown, Nielsah 1990). An additional
component of the EPSCs was revealed under conslitaptimised for NMDA
glutamate receptor activation and this componens weduced by the NMDA
receptor antagonist, AP-5 (Olverman, Jones etd@4)l These findings indicate that
fast excitatory synaptic transmission in the FMNmisdiated by the activation of

non-NMDA and NMDA glutamate receptors. The ideesitof the receptor subtypes

XiX



involved were further investigated. The lack olvard rectification of the current-
voltage relationship of the EPSCs indicates theolrement of AMPA receptors
containing the GIuR2 subunit (Sato, Kiyama et H93). In addition, the
NR1A/NR2B receptor antagonist, ifenprodil, reduded NMDA-mediated EPSC

confirming the involvement of this receptor subtyjdélliams 1993).

The modulation of glutamate-mediated synaptic trassion by 5-HT is the focus of
Chapter 6. The mean EPSC amplitude was found tedweced in the presence of 5-
HT. While postsynaptic 5-HT receptor activatiomulcbaccount for this effect on the
EPSC, it is well established that 5-HT receptors &iao function as heteroceptors to
modulate the release of glutamate from the presicmtgyminal nucleus (Bobker and
Williams 1989; Boeijinga and Boddeke 1996; Bounydd ewis 2003). Therefore, in
Chapter 6, three techniques traditionally usedssess whether an effect is mediated
presynaptically have been employed to addressytiegosic location of this action of
5-HT (Stuart and Redman 1991). Analysis of the ddtfailure to generate an EPSC
(at a constant stimulus intensity) revealed th&tToreceptor activation reduced the
mean EPSC amplitude by increasing the failure réeHT application was also
found to alter the amplitude ratio of two closelgparated EPSCs (paired-pulse
facilitation ratio) and alter the frequency but nitte amplitude of miniature
(spontaneous) EPSCs. These findings are consistdnt presynaptic location for

the inhibitory action of 5-HT on glutamate-mediat&#dSCs in the FMN.

Members of the 5-Hireceptor family mediate the majority of inhibitoagtions of
this neurotransmitter so the involvement of 5:Hé&ceptor subtypes in the reduction

of EPSC amplitude was investigated. The reduciio&PSC amplitude and the

XX



associated increase in failure rate at minimal @tion intensities were mimicked
by the 5-HTg receptor agonist, CP93129, and inhibited by thdTss receptor
antagonist, isamoltane (Waldmeier, Williams et #)88; Macor, Burkhart et al.
1990). Contrastingly, the 5-H{ agonist, 8-OH-DPAT, did not reduce the EPSC
amplitude and the 5-HT-mediated reduction in amgkt was not altered in the
presence of the 5-HIX receptor antagonist, WAY 100635 (Critchley, Chiketsal.
1994). These findings indicate that 5-HT reducd®SE amplitude through

activation of 5-HTg receptors.
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Chapter 1

1.1 Introduction

How does a neurone process the various inputcéives to produce a functional
output? This is a fundamental question in neussg@ and one that has prompted a
great deal of investigation attempting to incredmeunderstanding of how neurones

function.

1.2 Neuronal signaling

During his studies of neuronal anatomy in the tateeteenth century Raim y Cajal
proposed that the dendritic network (and soma)essprts the input site of a neurone
and that the axon represents the output site (YarsieTank 1996). Although some
exceptions to this rule have emerged as our uradetstg of neuronal activity has
advanced, Cajal’'s theory on the direction of signalwithin a neurone remains

valid.

In the 1950s Hodgkin, Huxley and Katz investigatbe ionic basis of nerve
conductance in the giant squid axon (Hodgkin andlé{u1952). They determined
that action potentials in this peripheral nervegererated by a transient inward'Na
current causing the axonal membrane to becomentgatively charged (during the
rising phase of the action potential or “spike”flahat membrane repolarisation was
mediated by a sustained outwar8 ¢trrent (Hodgkin and Huxley 1952). They also
described the specific increase in"Ned K permeability of the membrane during
these periods, which has subsequently been idehte#s a result of the opening of

voltage-dependent Naand K channels in the membrane (Hodgkin and Huxley



1952; Purves 2001). The axon potential flows ddmenaxon due to an inactivation
of the voltage-dependent Nehannels (Purves 2001). Recordings from mammalian
spinal motoneurones provided evidence that cemeale fibres propagate action

potentials by the same mechanism as peripherataédiscussed in (Llinas 1988)).

The mechanism underlying action potential initiaticcs now well understood.
Neurotransmitters released from the presynapticengrminal interact with specific
ionotropic receptors on the postsynaptic membr&uweves 2001). Binding of the
neurotransmitter to the receptor induces a confoomal change increasing the
conductance of specific ion species through thepts channel (Purves 2001).
Neurotransmitters which result in conductance chanthat result in membrane
depolarisation (e.g. glutamate by increasing cationductance) are excitatory and
those that induce a membrane hyperpolarisation ABA by increasing ClI
conductance) are inhibitory (Kupfermann 1979; Psir2801). These excitatory and
inhibitory postsynaptic potentials (EPSPs and IRSkspectively) were first
identified by intracellular electrophysiologicalcardings from spinal motoneurones
and it was proposed that dendrites passively sumimabming EPSPs and IPSPs
and the net change in somatic membrane potentisld dbigger action potential
firing in the axon if it depolarised the membrarme the voltage-dependent Na
channel threshold (Coombs, Eccles et al. 1955; @sonkccles et al. 1955;

Whitehead and Rosenberg 1993; Yuste and Tank Fag&ges 2001).



1.3 Dendrites as passive electrical cables

Dendrites were traditionally thought of as pas®lextrical cables and in 1959 Rall
applied the cable theory to describe the passoxe @f electric currents in dendritic
networks (Rall 1959; Yuste and Tank 1996). Raliird®l membrane resistance
(Rm), membrane capacitance{C internal (cytosolic) resistance j[Rcable length
(A) and the dendritic-to-soma conductance ratjaa(d derived equations using these
basic parameters to describe the flow of currentamiodel dendritic networks

receiving distinct input patterns (Yuste and TafRk@).

The majority of synaptic inputs occur in the detidmetwork of neurones and the
distance from the site of synaptic input to the aaran vary greatly within a single
neurone. In theoretical neuronal models with opéssive dendritic parameters
inputs received in the distal dendrites are foumdbe attenuated in amplitude and
have a longer time course when measured in the ¢gbtagee 2000; Williams and
Stuart 2000). The high dendritic resistance caasamtinuous voltage drop between
the synapse and the soma, resulting in reduced BR®Rtude (Magee 2000). The
inputs received in the distal dendrites will appsaraller in amplitude compared to
those received by more proximal dendrites duedoeased amplitude filtering (Rall,
Burke et al. 1967; Cook and Johnston 1999; Mag@®)20Thus in order for inputs
received in distal dendrites to evoke a large ehoabange in the membrane
potential at the site of action potential initimtiseveral EPSPs would have to be
evoked within a certain time period, this is terméeimporal summation.
Contrastingly, inputs received more proximal to sbbena would appear to decay less

before reaching the site of action potential itidia and would therefore be less



dependent on temporal summation (Rall, Burke el @7). The kinetic decay of
EPSPs is also subject to filtering and inputs remkiin distal dendrites have a
prolonged time course at the soma (Magee 2000js rékults in the inputs received
in the distal dendrites (which would be lower in@itade) having a prolonged time

period for temporal summation to occur.

In this model of passive dendritic function thedtion of a synaptic input would
strongly influence its effect on the postsynaptdl,chowever, location-dependence
of synaptic inputs is rarely observed experimentélagee 2000; Williams and
Stuart 2000). Although dendrites do possess tlsec lmble properties described
above and are capable of passive current flowstdecome apparent that they also
possess many dominant active properties that sheygr®nal inputs and may remove

the location variability of synaptic efficacy.
1.4 Active properties of dendrites
1.4.1 Dendritic potentials

Early evidence for active dendrites came from diedectrophysiological recordings
of dendritic action potentials in cerebellar Puj&ineurones and cortical pyramidal
neurones (Spencer and Kandel 1961; Llinas, Niclmoktoal 1968; Takagi 2000).
Purkinje neurones were found to producé‘Gaikes in the dendrites and Nepikes

in the soma (Llinds and Sugimori 1980). This figliwas supported by the
discovery of voltage-sensitive €achannels in the Purkinje neurone dendrites by
C&" imaging techniques (Yuste and Tank 1996)." &led C4" spikes were recorded

from the dendrites of hippocampal and cortical pydal neurones of the



hippocampus and cortex and the presence of vottegsitive C& channels was

also confirmed using Gaimaging techniques (Yuste and Tank 1996).

The function of these active properties of the diéeslis not yet entirely clear but it
has been proposed that due to the voltage-sensaivge of these conductances they
could increase the amplitude and duration of ERSBste and Tank 1996). It has
also been proposed that dendritic action potentizdy play a role in long term
plasticity of synapses by coincidence detectiothef spike with incoming synaptic

inputs (Yuste and Tank 1996).
1.4.2 The hyperpolarisation-activated current

The hyperpolarisation-activated cation currépthas emerged as playing a crucial
role in the integration of synaptic inputs in magpes of neurones and its role in
integration in neocortical and CA1l hippocampal pyidal neurones has been
particularly well documented (Magee 1998; Cook datlnston 1999; Williams and
Stuart 2000; Gulledge 2005). In these neurdpesmoves the location dependence
of the time course of synaptic inputs (Magee 19@@tiams and Stuart 2000).
Whenly is present there is an increase in membrane ctentles due to the channels
being activated at the resting membrane potertial increases the decay rate of
EPSPs (Magee 1999; Williams and Stuart 2000). dthten, the voltage-dependent
inactivation ofly that occurs during EPSPs produces a net outwar@rntuwhich
further prevents EPSP decay (Magee 1999; Williants Stuart 2000). Expression
of I, channels was found to increase with distance ftbm soma (with high
expression observed in the distal dendrites). Tdsslts in a location-independence

of EPSP time course at the soma (Magee 1999; Widliand Stuart 2000). This is



directly supported by the finding that blocking unmasks temporal summation
similar to that predicted by passive neuronal mod®dagee 1999; Williams and

Stuart 2000).

1.5 Modulatory neuronal inputs

1.5.1 Neuromodulation by G protein-coupled receptors

In addition to inputs which evoke EPSPs and IPSRswymneurones receive
modulatory inputs. Some of these inputs releaseotr@nsmitters that can induce
changes in neuronal excitability but do not dingathuse action potential firing.
However, these changes in neuronal membrane eitytalan result in more or less
fast synaptic input being required to evoke actpotential firing. Several

modulatory neurotransmitters mediate their efféicteugh activation of membrane
receptors that are coupled to intracellular signgllpathways through guanosine
triphosphate (GTP) binding proteins (G proteing)riféds 2001; Alberts, Johnson et

al. 2002).

Ligand binding to a G protein coupled receptor cehia conformational change that
leads to activation of the G protein causing itatease its bound GDP (guanosine
diphosphate) allowing GTP to bind in its place (&iis, Johnson et al. 2002). The
GTP bound @ subunit releases thepé subunit complex activating both subunits

allowing them to modulate their target proteins.

The vast diversity in G-protein coupled receptaifseir intracellular signaling
pathways and target effector proteins gives risgetgeral combinations for neuronal

modulation and some of which are addressed irthess.



1.5.2 Presynaptic modulation of synaptic transmission

As described previously EPSPs and IPSPs occurrasudt of neurotransmitters
binding to postsynaptic receptors and opening &msic ion channel (Kupfermann
1979; Purves 2001). The release of neurotrangnfitben the presynaptic nerve
terminal into the synaptic cleft requires the fusiof a vesicle filled with the

neurotransmitter with the presynaptic membraneterig this release process is

therefore a potential mechanism for neuromodulation

The fusion of a neurotransmitter filled vesicle lwihe presynaptic membrane is
dependent on G entry into the nerve terminal (Purves 2001). Whenaction
potential reaches the nerve terminal it depolarieesmembrane and this potential
change activates voltage-gated®Cehannels allowing C& entry into the terminal
(Purves 2001). The increase in intracellular J{Cactivates the vesicle's &a
dependent fusion machinery causing it to fuse \h# membrane and release its
contents into the synaptic cleft (Purves 2001).e T&" entry into the terminal is
crucial for neurotransmitter release therefore ahtvity of the voltage-gated €a

channels represents a potential target for neuratabadn.

One mechanism for modulating €antry into the terminal is to alter the activitly o
the voltage-gated Ghchannels. The first studies describing a G pneteédiated
inhibition of C&" currents were in dorsal root ganglion (DRG) neesorof
embryonic chicks, however, it was also proposed tha C&" current inhibition
could occur at central nerve terminals where it M@aduce neurotransmitter release
(Dunlap and Fischbach 1978; Dunlap and Fischba&1)19In the embryonic chick

DRG neurones high voltage-activated (mainly N type" channels were found to



be inhibited following activation of G protein-cded GABAg, 5-HT and adrenergic
receptors and it was subsequently determined thatithibition was sensitive to
pertussis toxins, implicating members of thep®tein family (that are negatively
coupled to adenylate cyclase) (Dunlap and Fischii®it8; Dunlap and Fischbach
1981; Tedford and Zamponi 2006). It subsequentigrged that inhibition of G&

channels occurred following activation of severgpets of G protein-coupled

receptors (Mirotznik, Zheng et al. 2000; Tedfordl atamponi 2006). Gprotein-

mediated inhibition did not appear to be dependentchanges in cAMP levels
(CAMP is generated by adenylate cyclase activibg an 1996 it was demonstrated
that the G, subunit directly inhibits the channel (HerlitzearGia et al. 1996; Ikeda

1996).

As previously described, the €zentry into the nerve terminal is through voltage-
gated C& channels, therefore an alternative mechanism fadutating presynaptic
vesicle release is to prevent activation of thedtage-gated channels by altering the
membrane potential. When an action potential resathe nerve terminal it normally
depolarises the membrane above the threshold faration of the C&" channels,
however if the resting membrane potential of themieal is sufficiently
hyperpolarised the membrane may not reach ti& @mnnel threshold. Membrane
hyperpolarisation would occur as result of increlaké conductance and several K
channels have been identified as targets for Gejranediated modulation. "K
conductances in the hippocampus were shown to haneed following 5-HT
receptor activation (Andrade, Malenka et al. 1986¢irade and Nicoll 1987; Colino
and Halliwell 1987). 5-HT receptors are {GQorotein coupled receptors and this

increase in K channel conductance was found to occur due toeatdinteraction of



the G, subunit with the channels (Andrade, Malenka e1986; Andrade and Nicoll
1987; Colino and Halliwell 1987). Similarly, acation of G protein-coupled
muscarinic acetylcholine receptors in the heantltes the G, subunit activating G
protein coupled inwardly rectifying K(GIRK) channels (Logothetis, Kurachi et al.

1987; Reuveny, Slesinger et al. 1994).

It is interesting to note that while"Kchannels appear to be activated by sEibunits,
the voltage-gated €achannels are inhibited by theg,Gubunit. Nevertheless, both
mechanisms result in reduced °Cantry into the terminal and the subsequent
reduction in vesicle fusion causes a less neursitnéter to be released into the

synaptic cleft and an inhibition of synaptic transsion.

Modulation downstream of Gentry into the terminal has also been observedeat
reticulospinal-motoneurone synapse in the lampBigickmer, Larsen et al. 2001).
At this synapse the gzsubunits appear to interact directly with the dnsmachinery
to prevent vesicle fusion with the membrane andateansmitter release, however,
this mechanism of inhibition has not yet been ole@#rin the mammalian central

nervous system (Blackmer, Larsen et al. 2001).
1.5.3 Postsynaptic modulation

Action potential initiation is dependent on the rmpgitential change induced by
incoming EPSPs and IPSPs depolarising the memlataoee a certain threshold (for
activation of the voltage-gated Nahannels), thus, altering the resting membrane
potential will affect the net potential change awaild have profound effects on the

efficacy of synaptic transmission. Activation ofpBotein-coupled receptors which



target the ionic conductances that contribute ® mleuronal resting membrane

potential represents a postsynaptic mechanismefiaramodulation.

1.5.4 K" channel modulation

Several types of Kchannels are important in the regulation of neak@xcitability
and those that can be regulated by G protein &ctane potential candidates for

mediating neuromodulation.

Members of the twin-pore (2P) domairi Khannel family provide ‘leak’ potassium
conductances in several types of neurones (revidyg@oldstein, Bockenhauer et
al. 2001; Patel and Honore 2001; Bayliss, Siroiglet2003)). ‘Leak’ potassium
conductancesgK .o are defined as having little or no voltage-desog and

hence contribute to the neuronal resting membramgenpal (Goldstein,

Bockenhauer et al. 2001; Patel and Honore 2001ligaySirois et al. 2003).
Several members of this family have been shown dosénsitive to G protein

modulation.

In cerebellar granule neurones (CGNs) the mechateddWIK-related K (TREK)
channels are inhibited by activation of group 1 abetropic glutamate receptors
(MGIuRs) (Chemin, Girard et al. 2003). The GroumGluRs are coupled to,G
proteins which stimulate phospholipase C activiybérts, Johnson et al. 2002;
Chemin, Girard et al. 2003). Phospholipase C #gtigenerates the intracellular
messengers inositol trisphosphate s IPand diacylglycerol (DAG) from
phosphatidylinositol bisphosphate (BPIFAlberts, Johnson et al. 2002). It appears
that the diacylglycerol (DAG) directly inhibits TREchannels in CGNs (Chemin,

Girard et al. 2003). It was also found that thé/IK-related a&id-sensitive K
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(TASK) channels members of the,Kfamily are inhibited in CGNs following
activation of the group 1 mGIluRs (Bayliss, Sirdisak 2003; Chemin, Girard et al.
2003). This inhibition did not appear to be deparicbn the intracellular messenger
molecules associated withy@rotein activation but rather due to a depletidn o
phospholipids from the membrane (Chemin, Girardl.€2003). Inhibition of TASK
channels has also been observed following actiwaiicthe My muscarinic receptor

which is also coupled to{proteins (Bayliss, Sirois et al. 2003).

G protein modulation of other 'Kchannels can also regulate neuronal excitability.
Members of the K 2.0 (inwardly rectifying) family of K channels such as Kir 2.1
(IRK1) have been found to be inhibited followingtiaation of the M muscarinic

receptor by a mechanism involving theGubunit (Firth and Jones 2001).

1.5.5 I, modulation

In addition to its role in normalising temporal swmation of EPSPs previously
described]y, contributes to the resting membrane potentiateamy neuronal types.
Resting membrane potentials of neurons are typidcatween -50 mV to -100 mV
and I, is active within the range (Pape 1996). HAsdoes not inactivate at
hyperpolarised potentials, the sustained depahgyisiurrent helps set the resting
membrane potential depolarised to thé Kquilibrium potential (Pape 1996).
Increasing the activity off, therefore represents a potential modulatory mashan

for increasing neuronal excitability.

In is carried by hyperpolarisation-activated cycliecieotide-gated cation channels
(HCN1-4) (Ludwig, Zong et al. 1998; Santoro, Liuakt1998) and cAMP has been

shown to modulate HCN channel activity in a variefyneurones including CA1
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hippocampal neurons (Chen, Wang et al. 2001; BiglkemeHeine et al. 2002)
neurones of the hypoglossal nuclei (Bobker and isiviis 1989) and rat facial
motoneurones (Larkman and Kelly 1992). This mailmaof HCN channels is
mediated by a direct action of cCAMP on the chansmed is not dependent on
activation of protein kinase A and protein phosptairon (Larkman and Kelly

1995; Kaupp and Seifert 2001).

CAMP is synthesised from ATP by adenylate cyclas®the activity of this enzyme
can be stimulated thes@rotein and inhibited by Groteins (Alberts, Johnson et al.
2002). Neurotransmitters that activateg®otein coupled receptors (such as 5;HT
5-HTs and 5-HT, receptors andp-adrenoceptors) could potentially enhahgand

increase neuronal excitability (IUPHAR 2000). lantrast those that activate G
receptors (such as 5-HTeceptors) could supprelsand have an inhibitory effect on

neuronal excitability.

In the hippocampus$, can be enhanced by the activation of 5;H&ceptors and
inhibited activation of 5-Hia receptors (Bickmeyer, Heine et al. 2002). Althoug
this occurs in different neuronal compartmentsefiresents a system in which a
neurotransmitter can modulate the same conductameedifferent G protein
pathways to have opposing effects on neuronal &xéty (Bickmeyer, Heine et al.

2002)

It has also been determined that 5-HT increasadal fawtoneurone excitability by
enhancingy, and although it was determined that this occua®a result of a direct

action of cAMP on the channel, the 5-HT receptodiaigng this action has not yet
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been identified and is addressed in Chapter 4isthiesis (Larkman and Kelly 1992;

Larkman and Kelly 1997; Larkman and Kelly 1998).

1.6 Motoneurones

1.6.1 Motoneurones as models for investigating input processing

The output of the CNS is manifested by motor betw@vand motoneurones provide
the link between these two systems. Motoneuromgsalsthe contraction of the

muscle fibres they innervate, a functional outyat is well understood and can be
accurately measured. This relatively well-defifiactional output of motoneurones
and their suitability for electrophysiological redongs makes them useful models
for investigating the mechanisms by which the tlaoads of inputs they receive are

accurately processed.

1.6.2 Facial Motoneurones

The superficial and some deep muscles of the cat &ae innervated by the seventh
cranial nerve (VII) and the cell bodies of the nmrotomponent of this nerve are
located in the facial motor nucleus (FMN, VII nuet®. The facial motor nuclei are
organised into subnuclei within the lateral, intediate and medial columns and the
position of facial motoneurones (FMs) within theclaii loosely represent the

position of their target muscles on the face (Himsen 1984; Friauf 1985; Paxinos
1985). For the purpose of this thesis FMs weredmitnguished by location within

the nucleus.

Exogenously applied 5-HT and NA have modulatoryoast on FMs andn vivothe

FMN is has been found to be densely innervated W#yTSeleasing terminals
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(Takeuchi, Kojima et al. 1983; Senba 1985; Larkraad Kelly 1992; Larkman and
Kelly 1997; Larkman and Kelly 1998). These findsrencouraged the investigations
into the role of synaptic integration and neuronaition in the FMN described in

this thesis.
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Chapter 2 Methods
2.1 FM Electrophysiology
2.1.1 Animals

Male and female Wistar rats (or P17 mice and their littermate controls where
stated) aged between postnatal days 4 and 16 (P4vite used to prepare acute
brainstem slices. All procedures were approvedth®sy UK Animals (Scientific
Procedures) Act 1986 and performed under UK Honfe®©License. Animals were
obtained from an in house breeding colony mainthinea 12 hour light-dark cycle,

in which breeding pairs were provided with food avaterab libitum
2.1.2 Brainstem Slice Preparation

Motoneurones appear to be particularly sensitivetite lack of oxygen and
mechanical damage that occurs during slice preparafo increase the number of
healthy neurones brainstem slices were cut in afraddrtificial cerebrospinal fluid

(ACSF) (Solution 2.1, Section 2.6) in which 50%tlbé NaCl was substituted with
sucrose. This solution has the advantage of reduti@ passive chloride entry into
neurones that occurs during periods of hypoxia l{Rain 1985; Aghajanian and
Rasmussen 1989). This passive chloride influxdeadtation and water entry which
results in cell swelling and lysis (Rothman 1985)actate was included in the
modified ACSF as there is evidence to suggestithatthe preferred substrate for
energy production in hypoxic conditions (Schurr,3tVet al. 1988; Larrabee 1995;
Magistretti 2005). 150 ml of the modified ACSF weoled on ice to <4°C and

oxygenated with a 95% 5% CQ gas mixture (BOC Gases, Manchester, UK).
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Following cutting, slices were incubated in the ified ACSF with added Ca (1

mM) as prolonged periods of reduced glutamate tecegtivity can also reduce the
viability of slices. A modified Gibb slice incubah chamber (Figure 2.1) was filled
with 250 ml of the modified ACSF to which 1 mM CaClad been added and

warmed to 30°C in a water bath (Edwards, Konnertl.e1989).

To support the brainstem during the slicing procegusmall block of agar (2%) was
glued (cyanoacrylate adhesive, Fisher Scientific) dl¥se to the front edge of the
cutting stage of a microslicer (DTK-100, Dosaka EM Ltd, Japan). A thin razor
blade (Mackay and Lynn Ltd, Edinburgh, UK) was mib the blade holder of the
microslicer and the chamber surrounding the cuttiage was filled with ice to keep

the ACSF cold during slicing.

Animals were decapitated using UK Home Office apptbprocedures. The skull
was exposed and carefully removed and the brainba#sed in ice-cold modified
ACSF (Solution 2.1, Section 2.6) using a glass peopnade from a Pasteur pipette
and a rubber teat. A thin razor blade was usegparate the midbrain and hindbrain
at the level of the cerebellum (Figure 2.2). Tledhrain was gently eased away
from the skull into a small beaker containing prggenated ice-cold modified
ACSF. Cutting the cranial nerves on the undersidide brainstem as it is removed
appeared to enhance motoneurone survival. Thaté&bhindbrain was left in the
ice-cold modified ACSF for approximately 30 secontts cool, this slowed
metabolism in the tissue reducing cell death. Hig® had the added advantage of
firming the tissue, which aided the slicing procedu A small amount of

cyanoacrylate adhesive was spread onto the custage of the microslicer behind
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the piece of agar. The hindbrain was removed filoenbeaker using a 5 ml plastic
spoon and placed cut surface down on a piece of FAfaked filter paper

(Whatman International Ltd, Maidstone, UK) on arntunped Petri dish on ice. The

cerebellum was dissected from the brainstem usitignarazor blade and removed
using a small spatula. The isolated brainstemthas positioned on a spatula dorsal
side up using a fine artist’'s paintbrush. Excedst®n was removed using a small
piece of filter paper and the brainstem stuck dh&cutting stage, cut edge down.
The cutting stage was then put into the chambeheimicroslicer and immediately

filled with pre-oxygenated modified ACSF. The lBadas locked at a cutting angle
of 15° and moved into position in front of the Imstem at the level of the beginning

of the facial nucleus.

Prior to cutting (and during if required) any blowdssels on the surface of the
brainstem were dissected away using fine jeweli@rseps (No. 5, A. Dumont &
Fils, Switzerland) and microscissors (OC-498, Aé&smu Tuttlingen, Germany).
Very dense connective tissue impedes light trarsomsthrough the slice and
reduces the ability to visually identify facial mooturones. Therefore, slice
thickness (between 100 — 140 um) was dependertieoadge of the animal and the
relative density of the connective tissue in thelews. Slices were cut at the lowest
speed on the microslicer and the blade was setdiflaie at the highest frequency.

After slices were cut they were immediately trangfe to the incubation chamber.

The low Nd& concentration in the modified ACSF is not suitabler
electrophysiological studies thus recordings weaglenn normal ACSF (Solution

2.2, Section 2.6).
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Figure 2.1. Modified Gibb incubation chamber(Edwards, Konnerth et al. 1989).

A. The slice holder was made from 1 cm segments ahagyringe glued
together and a nylon grid attached to the bottom.

B. The slice holder was held in a 250 ml beakehwisegment cut from a 50 ml
syringe. The solution was oxygenated with a 95%65% CQ gas mixture
through the syringe piece. The slices were heldndio the slice holder by the
bubbles rising to the surface through the syring@ushing solution down on
to the slices.
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Figure 2.2. Position of cut to isolate brainstem.

Following removal of the skull-cap a razor bladeswaed to make a cut at the
position of the dashed line and separating theldraid and the midbrain.
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The viability of the slices seemed to be enhantete sucrose concentration was
reduced gradually over the incubation period (fellgy the protocol in Table 2.1)
rather than immediately transferring them from ghhsucrose to zero sucrose
solution. At the end of the incubation period #liee chamber was removed from
the water bath and maintained at room temperat@ieces were transferred to the
recording chamber when required where they werd kdelwn by a nylon grid
(Figure 2.3) (Edwards, Konnerth et al. 1989) and continuouslyfysed with

oxygenated normal ACSF at a rate of 3 — 5 mI'min
2.1.3 Patch-clamp Electrophysiology

The patch-clamp technique was developed by NehgiSakmann and first utilised
to resolve the single channel activity of acetyloteactivated channels in cell-
attached patches (Neher, Sakmann et al. 1978). ad@ntages of the patch-clamp
technigue over conventional intracellular recordimgs that it allowed recordings to
be made from cells that were too small to impalhe equipment and set up for
patch clamp recordings was as described in Figude 2/oltage protocols were
generated by the PC, converted by the CED 140fifacte and the DAC output sent
to the patch-clamp amplifier. The recording eled& was connected to the
headstage of the amplifier which delivered the agdt commands to the recorded
cell and recorded any current changes (when invdiiage clamp configuration).
The patch-clamp amplifier was connected to pre-drad to enable the output to be
split and sent back to the computer (via the CEM1l4nterface) and the
oscilloscopes for real time monitoring of curreitanges (which was particularly

useful for ensuring a @ seal was obtaining prior to going into the whotdl-c
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. ACSF
Time from Total sucrose
decapitation (mins) | €X¢hanged (% (%)
total volume)
0 0 50.00
30 10 45.00
45 12 39.60
60 12 34.85
75 14 29.96

Table 2.1. Protocol for sucrose exchange.
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0.5cn

Figure 2.3. Nylon grid.

Slices were held in place in the recording chanhlydd-shaped piece of platinum
wire that was flattened in a vice and had a s@&feasngle nylon strands glued on to
one side.
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Figure 2.4. Equipment for patch-clamp electrophysitogy.

Oscilloscope (DSO) 400 Gould Electronics Ltd, EsséK.

Digital tape Recorder DTR-1404 Bio-logic Scientilitstruments.

Whole cell/patch clamp amplifier  List Medical, 08 Darmstadt, Germany.
L/M-EPC 7B

1401 Interface Cambridge Electronic Design, CangajdUK.

Isolated Stimulator DS2 Digitimer Ltd, Welwyn Garjéngland.
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configuration, see Section 2.1.5). The connecttorthe oscilloscopes were via the
DAT recorder to ensure all data was recorded anttidoe played back at a different
frequency if required for data analysis. All equgnt and the anti-vibration table
(on which all recordings were made) were connettethe ground on the patch-

clamp amplifier.

The amplifier operating modes are detailed in Fegius. The Vp-offset control was
used to zero the potential difference that occuevéen the bath and internal
solutions (Section 2.1.5). The required holdingeptial was applied using the V-
Hold command and the V-step function was rarelyduse ramp and step changes
were configured using the Signal software packagersion 2.15, Cambridge

Electronic Design (CED) Ltd, Cambridge, UK).

2.1.4 Cell Cleaning

The development of thin acute slices allows recwslito be made from visually
identified motoneurones, significantly increasirte tsuccess rate of recordings.
However, even in thin slices there is still a stu#fnt amount of connective tissue and
cell debris in the facial nucleus to impede formatof high resistance seals without
prior cleaning of the cell surface. Healthy ceal® first identified using a x40
immersion objective on an Zeiss upright microsc@mel Nomarski differential
optics.

Motoneurone cleaning was performed as describedEbyards, Konnerth et al.
1989). A cleaning electrode was made from a giestrode (GC120F-10, Harvard

Apparatus Ltd, Kent, UK) pulled with a long thinastk using an upright electrode
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puller (PP-83, Narishige Scientific Instruments,ky@, Japan). The tip of the
electrode was then broken to 5 -10 um in diamesargua micro forge (MF-830,
Narishige Scientific Instruments, Tokyo, Japan)suktion line was connected to the
end of the cleaning electrode and it was then joogtl above the identified
motoneurone using a fine manipulator (M0-103, Nags Scientific Instruments,
Tokyo, Japan). ACSF was then drawn into the tiphefcleaning electrode and the
debris above the cell was loosened by blowing A@SFof the cleaning electrode.
Care was taken to avoid damaging the dendritediascan result in death of the
motoneurone (Edwards and Konnerth 1992)he debris was then removed by
carefully sucking it into the cleaning electrodaeddhe procedure repeated until the

surface of the motoneurone was clear.

2.1.5 Whole-cell patch clamp recordings

Patch electrodes were pulled from borosilicategy(@ss cm segments of GC150TF-
15, Harvard Apparatus Ltd, Kent, UK) to a resistan€ 6 -12 M2 when filled with
standard internal solution and a tip diameter gfraximately 0.5 — 1 um. Prior to
making electrodes the ends of the glass were biisted to prevent damaging the
AgCl wire of the pipette holder. The glass wasthkeaned in 100% ethanol, rinsed
in distilled HO and dried in an oven to minimise the dust pasian the glass that
could potentially block the tip of the electrod®atch-pipettes were pulled using a
Narishige patch-pipette puller (PP-83). The capace of the electrode that occurs
when it is deeply immersed in the ACSF in the rdoay chamber is reduced by
coating the shank of the electrode with SylgardwDDorning Limited, Coventry,

UK). The tip of the electrode was then heat polishedguai micro forge (MF-830,

27



Narishige Scientific Instruments, Tokyo, Japan)p golishing smoothes the surface
of the tip and can help remove small dust partitlesy the electrode. Electrodes
were filled with internal solution (Solution 2.3e&ion 2.6) using an electrode filler
made from a 20 ml syringe, a 25 mm, 0.22 um féted a cannula (0.7 mm outside
diameter) cut to the desired length. The intesadlition was occasionally diluted to
90% to help maintain cell health during the recogdperiod. Filling of electrodes

was aided by the filament that runs the lengthhaf glass. A small amount of

internal solution was put on the end of the elet#rand allowed to back fill the tip,

this reduced the formation of air bubbles in tipe fThe electrode was then 2/3 filled
with the internal solution and any air bubbles e &lectrode were dispersed by

gentle flicking.

The filled electrode was put in the pipette holaached to the headstage connected
to the amplifier (EPC7B, List Medical, Darmstader@®any). Positive pressure was
applied to the tip of the electrode by blowing tigh a suction line attached to the
headstage and locked with a three-way valve. Tégrede was then immersed in
the ACSF in the recording chamber under the comtfal fine manipulator (MX-1,
Narishige Scientific Instruments, Tokyo, Japan).heTreference point for the
headstage was an AgCl pellet connected to thedempchamber by an agar bridge.
Agar bridges were made by taking a small lengtlele€trode glass (GC150TF-15,
Harvard Apparatus Ltd, Kent, UK) and bending ita®0° angle using a Bunsen
burner. The glass was then filled with agar (2%8)deup in normal ACSF. Using
the bridge rather than putting the AgCI pellet dile prevented a junction potential
arising at the AgCl and bath solution interface.also allowed the composition of

the bath solution to be changed slightly withoutegating a potential that would add
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to the holding potential. The current output wasoed using the offset control on
the amplifier. Inputs commands were configuredagmersonal computer using the
commercially available software package Signalqer 2.15, Cambridge Electronic
Design (CED) Ltd, Cambridge, UK). Formation of igthresistance (Q) seal was
monitored by measuring the current responses tb0amV, 10 ms step from the
holding potential, performed in the voltage-clangmfiguration. When the electrode
was first put in the bath the current deflectiorseved gave a measure of the
resistance of the electrode. The electrode was th@noeuvred to just above the
visually identified cell and the electrode slowlywered until it touched the cell
soma. This was either monitored by looking dowadbjective or more routinely by
observing a 10 — 20% increase in resistance (sedserin the current deflection in
response to the voltage command). The positivesspre was then removed
resulting in a further increase in resistance. @ €&eal was obtained by gently
sucking on the suction line until there was no efgfon on the current trace and the
cell was in the cell-attached configuration. Ankag capacitance of the electrode
was compensated for using the controls on the &epliThe holding potential was
then applied to the electrode using the amplifién 8 mV junction potential was
routinely taken into consideration when calculatithgg holding potential to be
applied (Neher 1992). The electrode was left i ¢kll-attached mode for a few
seconds to enhance seal formation after which Statp bursts of suction were
applied to remove the piece of membrane in theofighe electrode and break
through into the whole-cell configuration. The reumt response to a -10 mV, 10 ms
voltage step was measured to monitor the seriestarse, which was compensated

for by up to 70%. Gentle suction was applied anagintained throughout the
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recording to help prevent any loose pieces of manmdror dust particles from

blocking the tip.
2.2 Experimental Protocols
2.2.1 Modulation of I, in FMs

FMs were voltage-clamped at -60 mV and changesoidectance mediated by
were measured using a voltage step to -100 mV (EigQu6A). This step was
followed by a ramp to 0 mV to monitor any changegK ..« The step and ramp
were preceded by a -10 mV, 10 ms step to monitgrcaanges in series resistance.
Initial investigations into the receptor subtypattmediates the enhancementdby
5-HT were performed in 12 ’KACSF (Solution 2.4, Section 2.6) in which the
external [K] was increased to 12 mM. This solution resulteduishift in the K
equilibrium potential to a more depolarised vallgnder these conditions inhibition
of gK eak by 5-HT was observed as an outward current whehleasnhancement of
In was still observed as an inward current. The @og# ofl;, was also enhanced
under these conditions. 5-HT was bath appliedhénduperfusing ACSF. A 15 sec
application (flow rate = 3 — 5 ml mii) of 5-HT (10 uM) was routinely administered
and the voltage command was applied when the obdemward current was
maximal. After a control 5-HT response was obtdiagtagonists were bath applied
for 10 mins. 5-HT was then co-applied in the pneseof the antagonist. A voltage
step protocol was occasionally used to monitaactivation and inactivation over a

range of voltages (Figure 2.6B).
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-50 mV

Figure 2.6. Voltage protocols to monitor changesil,, in FMs.
A. Voltage ramp protocol

1sec

AW 0€

500 ms

B. Voltage step command used to monitor changes ivadicin and inactivation

of I, at different potentials

31



2.2.2 Modulation of gK|eakin FMs

Experiments designed to investigate the modulatibgK ..« were performed on
slices pre-incubated for a minimum of 30 mins wAD-7288 (10 uM), to block;,.
ZD-7288 blocks the pore df channels at an intracellular site, therefore, Z8&
(10 uM) was included in the internal solution toimtan an effective blocking
concentration throughout the recording period (SRothberg et al. 2001). FMs
were held at -50 mV and changes in conductanceatestlbygK, .ok Were measured
using a voltage ramp from -100 mV to 0 mV (Figuré)2 This ramp was preceded
by a step to -100 mV to monitor the ZD-7288 medidick ofl,. Series resistance
monitored by a -10 mV, 10 ms step at the beginoiniipe sweep. 5-HT or NA was
routinely applied in normal ACSF for 15 sec (floate = 3 — 5 ml min) and the
voltage command (Figure 2.7) applied when the nespavas maximal. External pH
was modified using a pH ACSF (Solution 2.5, Secfd) titrated to the required pH
with NaOH and oxygenated with 100% (BOC Gases, Manchester, UK) (Talley,
Lei et al. 2000). pH-induced current changes weeasured by applying a voltage
ramp (Figure 2.7) when the current reached stetadg-s Anandamide, bupivacaine,
methanandamide and ruthenium red were all bathexpphrough the superfusing
ACSF (Section 2.7 for drug details). Slices wareubated in ATFK containing
ACSF for a minimum of 10 mins prior to co-applicatiwith anandamide. Zhwas
also applied through the ACSF, however, this AC&8Ft contain any NajPO, to

prevent the Zfi precipitation.
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1sec

Figure 2.7. Voltage ramp protocol to monitor changs ingK ea« in FMSs.
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External solutions containing isoflurane were predaas previously reported
(Simon, Hapfelmeier et al. 2001; Ranft, Kurz et 2004). Briefly, a saturated
solution of isoflurane (15 mM, (Scheller, Bufleradt 1997)) was prepared by adding
an excess of anaesthetic to ACSF in a sealed lgtaie and stirring for 3 h at room
temperature. Simoet al, 2001 found that dilutions between 1:30 to 1:75his
stock solution resulted in a final aqueous conediotn of 0.2 — 0.3 mM after
bubbling with oxygen and delivery to the recordcttamber. A 1:10 dilution was

routinely used in the experiments described inttiesis

2.2.3 Evoked EPSCs and EPSPs

EPSCs and EPSPs were evoked using stimulatingaliest made from borosilicate
glass (7.5 cm segments of GC150TF-15, Harvard AgtiparLtd, Kent, UK) pulled
to a resistance of 10 — 12(Mand had a tip diameter of 0.5 - 1 um. The glass
stimulating electrodes were filled with normal AC§olution 2.2, Section 2.6) and
attached to one piece of a bipolar stimulating wore the headstage of a fine
manipulator (MX-1, Narishige Scientific Instrument®kyo, Japan). The other part
of the stimulating wire was put directly into thecording chamber to complete the
circuit. Stimulation was applied using an isolastunulator (DS2, Digitimer Ltd,
Welwyn Garden, UK). Prior to making recordings nraFMs the stimulating
electrode was manoeuvred close to the surfaceeddlite to reduce the disruption to
the seal caused by movement of the set up. EP8Rsewnvoked in the current-clamp
configuration and series resistance was monitosgdgua 100 pA, 10 ms current
step. The properties of the stimulating pulse weoatrolled by the isolated

stimulator and were routinely 0.02 ps in duratiod 8 — 10 V in intensity. For
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initial searching of a response EPSCs were evokadraquency of 0.5 Hz and at an
intensity of ~10 V. The stimulating electrode wawered onto the surface of the
slice at various positions until an EPSC was olesrvOccasionally the recording
electrode and stimulating electrode were filledwiiticifer Yellow (2 mg/ml) so the
location of the stimulating electrode with refererto the FM could be visualised
under fluorescence microscopy (Figure 2.8). Thenisity of the stimulus was then
reduced to 0 V and gradually increased until aoesp was observed. This type of
minimal stimulation has previously been utilised teolate single synapses
(Lawrence, Grinspan et al. 2004). Once an appatgprstimulus intensity was
selected EPSCs and EPSPs were evoked at a freqoied®p Hz and a minimum of
10 sweeps were obtained under each condition. Suwouli 50 ms apart were
applied to monitor paired pulse facilitation/degies. Control responses were
obtained in normal ACSF and 5-HT, 8-OH-DPAT, AP&GP93129, ifenprodil,
isamoltane, NBQX and WAY 100635 were applied thiotige superfusing ACSF.
The NMDA receptor-mediated response was revealedblogking the AMPA
receptor-mediated response with NBQX (20 pM) andhoeng the voltage
dependent Mg block by either depolarising to +20 mV or removidg®* from the
ACSF (Solution 2.6, Section 2.6). The™Nzhannel blocker, QX314 (5 mM), was
included in the internal solution when holding thel at depolarised voltages was

required.
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Figure 2.8 Positions of recording and stimulating lectrodes.

The recording electrode (1) was filled with Luciféellow (2 mg/ml) prior to
making whole-cell recordings from the FM. The dy#used into the FM and was
visualised with fluorescence microscopy. The slating electrode (2) was also
filled with Lucifer Yellow so it's position relatesto the FMs dendrites could be

observed.
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2.2.4 Miniature EPSCs

FMs were held at -70 mV, action potential-dependeRSCs were blocked by
including tetrodotoxin (0.3 pM) and picrotoxin (50M) in the normal ACSF
(Solution 2.2, Section 2.6) and the resulting ‘mMBPSCs represent spontaneous
release of vesicles. A -10 mV, 10 ms voltage stes applied every minute to
monitor series resistance and 5-HT and CP93129 weth applied until the

response reached steady-state.
2.2.5 PLC-B1" mice

Voltage-clamp recordings from FMs from lel" mice and their littermate
controls were made using exactly the same proceatufer rat FMs (Section 2.1).
The 5-HT- and NA-induced currents in these FMs mess following the protocol

described in Section 2.2.3.

The non-selective PLB-inhibitor, U73122, (10 uM) was applied to the stipging
ACSF following obtaining a control response to 5-ildf NA in PLC{Sl"' mice

littermate controls.
2.3 Cerebellar Granule Neurone Electrophysiology
2.3.1 Cerebellar Granule Neurone Cultures

Cerebellar granule neurone (CGN) cultures were ggegp by Mr Thomas Wishart
from male and female Wistar rats aged P7 using Udmel Office approved

procedures.
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Dissociated granule cells were seeded on pelysine coated glass cover slips at a
density of 7.5 x 10cells cn®. The neurones were then cultured at 37°C, 5%i80
supplemented modified Eagle’s medium (MEM, Gibaavitrogen, Paisley, UK)
without C&" and Md"* (Solution 2.7, Section 2.6). Cytosine-arabinogitie M)
was added after 24 hours to prevent glial cell ¢ghow Electrophysiology was

performed between 8 — 14 dagsvitro (DIV).

Prior to making electrophysiological recordings tt@verslips with the cultured
CGNs were transferred to the recording chamberpartused with the pH ACSF
(Solution 5 titrated to pH 7.4) at a rate of 3 mbmin™. Although the cultures can
be maintained for several hours without oxygenatihe ACSF was oxygenated
with 100% Q (BOC Gases, Manchester, UK) in order to maintaeékperimental

conditions used for slice experiments.
2.3.2 Perforated patch recordings from CGNs

The small size of CGNs can lead to fast dialysishef cytoplasm and subsequent
rundown in TASK-channel conductance when conveatiovhole-cell patch clamp
recordings are made. To reduce this rundown thenag¢ed-patch configuration was
used to record from CGNs. Perforated-patch rengsdivere obtained by including
the polyene antibiotic, amphotericin B, in the med solution. The antibiotic forms
small channels in lipid membranes that are onlyneable to monovalent ions. This
prevents movement of multivalent ions and dialgdikarger non-electrolytes such as
glucose (Rae, Cooper et al. 1991). Perforatedapegcordings were made from
CGNs at room temperature using the same set-upr aghble-cell recordings. Patch

electrodes were made as for whole-cell recordings the tip was filled with a
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minimal amount of standard internal solution (Soluit2.3, Section 2.6). The
electrode was then filled with standard internduson with added amphotericin B
(250 pg/ml). The amphotericin B containing intérsalution was not filtered and
was protected from light to maintain the efficadytloe antibiotic. The tip of the
electrode was filled with standard internal solntas the amphotericin B prevented
formation of a high resistance seal. The procedoreobtaining a @ seal with
CGNs was identical as that described for FMs. Ontethe cell-attached
configuration a holding potential of -20 mV was kg and the cell left until the
antibiotic formed sufficient channels in the menmerdhat the access resistance fell
and stabilised. The time required for the chamgaccess resistance to be observed
depended on the volume of the standard solutidipiand the diffusion rate of the

antibiotic (Rae, Cooper et al. 1991).

2.4 Experimental Protocol

2.4.1 Modulation of TASK channels in CGNs

CGNs were held at -20 mV and conductance changes measured using voltage
ramps from -20 to -110 mV, 900 milliseconds in dara (Figure 2.9). External pH

was modified using a pH ACSF (Solution 2.5, Secfd®) titrated to the required pH
with NaOH and oxygenated with 100% (BOC Gases, Manchester, UK) (Talley,
Lei et al. 2000). pH-induced current changes weeasured by applying a voltage
ramp (Figure 2.9) when the current reached stetadg-s Anandamide and
ruthenium red were bath-applied through the superfu ACSF and voltage

commands applied when the response was maximal.
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Figure 2.9. Voltage ramp protocol to monitor changs in TASK conductances in

CGNs.

1 sec
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2.5 Data Analysis

2.5.1 Data Acquisition

All current recordings were filtered by 10 kHz, 8l Bessel low-pass filter in the
patch-clamp amplifier. The sampling frequencydata acquisition varied between
configurations. Test pulses for obtainin@2Geals were sampled at 3 kHz whereas
all ramps were sampled at 200 Hz. The samplirgfatEPSCs and EPSPs was 10
kHz and continuous current records were sampldd &1z. Signal files were saved
to disc immediately following recordings being madeutputs from the current and
voltage channels were also recorded onto digitalicatapes (DAT, Maxwell)
through a digital tape recorder (DTR 1404, Bio-o§cientific Instruments) to allow
playback of data at different sampling frequenaieg further offline analysis. Data
was exported from Signal files as text files, whietre then opened with Microsoft

Excel (Microsoft Corporation) for further analysis.

2.5.2 Miniature EPSCs

Recordings were played back into the computer o EDR file using John
Dempster’s Electrophysiology Data Recorder softw@egsion 2.4.3, University of
Strathclyde). The files were then converted toA8F format using Justin Lee’s
ABF File Utility v2.1.74. ABF files were analysessing Justin Lee’s Mini Analysis
Program (version 6.0.7, Synaptosoft Inc.) in an Hdffnat. EPSCs were identified

and checked individually to ensure a correct fiswatained.
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2.5.3 Equations

The Nernst equation was used to predict theduilibrium potential,
Ex =RT/F In [K]o/ [K]; (Equation 1)

whereR is the gas constan is the temperature (Kelvin scale) dnds the Faraday
constant.

Single exponential fits to the activation and deation of subtracted NA-sensitive
current traces were performed using Signal softwa2e0, CED, Cambridge, UK)

according to the equation,
I, =A+Be ™ (Equation 2)

where l; is current amplitude at timg A and B are constants and is the time
constant.
The pH-sensitivity of FM membrane current could described by a modified (4

parameter logistic) Hill Equation,
Y = Ymin + (max- Ymin ) / [1 + (pH / pKY] (Equation 3)

wherey is the holding current or input conductangg. the maximum responSgyin
the minimum response ard= -(b’ * pK) / 0.434 whereb’ is the Hill coefficient

expressed as a function of ebncentration.
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2.6 Solutions

Solution 2.1. Modified Artificial Cerebral Spinal Fluid.

Compound Concentration
(mM)
NacCl 56.5
Sucrose 113
CaCl, 0
MgSQO, 5
KCI 3
NaH,PO,4 1.25
NaHCO; 26
Glucose 11
Lactate 4

pH = 7.4 when bubbled with 95% O,, 5% CO,

Solution 2.2. Normal Artificial Cerebral Spinal Fluid.

Compound Concentration
(mM)
NacCl 126
CacCl, 2
MgSO, 2
KCI 3
NaH,PO, 1.25
NaHCO3; 26
Glucose 11

pH = 7.4 when bubbled with 95% O, : 5% CO,

Solution 2.3. Standard Internal Solution.

Compound Concentration

(mM)

KGluconate 122.5
KOH 17.5
Hepes 10
EGTA 0.2
NaCl 9
MgCl, 1
MgATP 3
NaGTP 0.3

pH to 7.4 with KOH
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Solution 2.4. 12 mM K’ Artificial Cerebral Spinal Fluid.

Compound Concentration
(mM)
NacCl 117
CaC|2 2
MgSO, 2
KCI 12
NaH2PO4 1.25
NaHCO3; 26
Glucose 11

pH = 7.4 when bubbled with 95% O, : 5% CO,

Solution 2.5. pH ACSF (Talley, Lei et al. 2000).

Compound Concentration
(mM)
NacCl 126
CaCl, 2
MgSO,4 2
KCI 3
NaH,PO,4 1.25
HEPES 10
Glucose 11

Titrated to the desired pH with NaOH and bubble with 100% O,

Solution 2.6. Md" free Atrtificial Cerebral Spinal Fluid.

Compound Concentration
(mM)
NaCl 126
CaCl, 2
KCI 3
NaH,PO4 1.25
NaHCO3; 26
Glucose 11

pH = 7.4 when bubbled with 95% O, : 5% CO,




Solution 2.7.  Supplemented modified Eagle’s medium(MEM, Gibco,

Invitrogen, Paisley, UK).

Compound Concentration
MEM
Fetal calf 10%
serum
Glucose 9.2 mM
Glutamine 0.56 mM
KCI 5.2mM
Penicillin- 1%
streptomycin
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2.7 Drugs

Drug Supplier (cat. #) Concentrations
Used
5-hydroxytryptamine creatine sulphate (5-HT) Sigma (H7752) 10 uM
8-Hydroxy-DPAT hydrobromide (8-OH-DPAT) Tocris (0529) 10 uMm
amphotericin B solubilized Sigma (A9528) 250 pg/ml
in internal solution
anandamide (Arachidonylethanolamide) Tocris (1339) 10 - 20 uM
AP-5 (AP-V or D-(-)-2-Amino-5-phosphonopentanoic acid) Tocris (0106) 50 - 100 uM
Arachidonyl trifluoromethyl ketone (ATFK or AACOCF3) Tocris (1462) 10 uM
Bupivacaine hydrochloride Sigma (B5274) 100 pM
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Drug Supplier (cat. #) Concentrations
Used

CP93129 dihydrochloride Tocris (1032) 10 uM

Ifenprodil hemitartrate Tocris (0545) 10 uM

Isoflurane

See Methods 2.2.3

Isamoltane hemifumarate

Tocris (0992)

1uM

Lucifer Yellow

Sigma

2 mg/ml

in internal solution

(R)-(+)-Methanandamide Tocris (1121) 10 - 20 uM
NBQX Tocris 20 uM
(2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-
, (0373)
sulfonamide)
noradrenaline bitartrate (arterenol bitartrate) Sigma 5-10 uM
(407453)
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Drug Supplier (cat. #) Concentrations
Used

Phenylephrine hydrocholride Sigma (P6126) 30 uM

Prazosin Tocris (0623) 0.5 uM

Propranolol Tocris (0624) 10 uM

QX314 Tocris (1014) 5mM

R96544 Tocris (1742) 0.3-1pM

Ruthenium red Sigma (R2751) 10 uM

SB29970A Tocris (1612) 0.3-10 uM

Tetrodotoxin citrate Tocris (1069) 0.3 uM
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Drug Supplier (cat. #) Concentrations
Used

U73122 Tocris (1268) 5-10 uM

WAY 100635 maleate salt Sigma (W108) 1uM

ZD-7288 Tocris (1000) 10 uM

Zinc chloride Sigma (429430) 100 — 300 pM
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2.8 PLC-B1 Immunohistochemistry
2.8.1 Tissue preparation

This work was performed in collaboration with Drt€eKind, The University of

Edinburgh.

Wild type littermates of PL(]}I" mice were perfused with 4% paraformaldehyde
using UK Home Office approved procedures. Therbveas removed, the hindbrain
isolated and kept overnight in 4% paraformaldehydeéhe hindbrain was then
transferred to 30% sucrose and left overnight ¢if thre tissue sunk. 48 um sections

were cut on a freezing microtome and transferrgehtwsphate buffered saline (PBS).
2.8.2 Immunohistochemistry

Immunohistochemistry was performed using publishextedures (Hannan, Kind et

al. 1998).

Sections were blocked for 30 min with 5% (v/v) nafngoat serum (NGS), 0.5%
(v/v) Triton X-100, in PBS. The sections were thecubated overnight at 4°C with
a primary antibody that specifically recognizesCHI1 (rabbit polyclonal; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), dilutédirf 2000) in 1% NGS, 0.5%
Triton X-100 in PBS. Sections were washed thraesi in 0.5% Triton X-100 in
PBS for 10 min at room temperature with shakinge $ections were then incubated
with biotin-conjugated secondary antibody (antikihb donkey derived, Vector
Laboratories, Bretton, UK) at room temperature Zohours with shaking. After
washing the sections 3 times as above they wenghated with Vectastain ABC

Elite avidin detection reagent (Vector Laboratgrigsetton, UK) for 1 h. Following
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a further three washes, colour detection was aelidy the addition of a solution
containing 0.5 mg/ml 3;3liaminobenzidine (DAB, Sigma—Aldrich), 0.6% (w/v)
Ni(NH4)(SO4) and 0.03% H202. The colour reactiorsvgtopped with PBS, and
sections were dehydrated and mounted under cqeerslith DePeX (Merck,

Lutterworth, UK).

Sections were examined and bright-field photomicpgs were prepared using a

light microscope (Leica, Wetzlar, Germany).
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Chapter 3

3.1 Introduction

The monoamine neurotransmitters 5-HT and NA areeggly accepted to promote
adult FM excitation by depolarising the postsynaptembrane (VanderMaelen and
Aghajanian 1980; Vandermaelen and Aghajanian 188%kman, Penington et al.
1989; Larkman and Kelly 1992). The ionic mechamsighat underlie the membrane
depolarisation by 5-HT have been previously deteeshias an enhancement of the
hyperpolarisation activated cation currdgtand a decrease in a leak potassiury) (K
conductancegK e (Larkman and Kelly 1992; Larkman and Kelly 199&rkman
and Kelly 1998). In addition, NA promotes FM meiauhe excitation by inhibiting a
potassium conductance but does not enhdndkarkman and Kelly 1992). The
primary aim of this study was to investigate thephbiysical and pharmacological
properties of the amine-sensitigh, cax in Neonatal rat FMs. Some of this work has
been published and a reprint of the manuscriptayspe Appendix A (Larkman and

Perkins 2005).

3.1.1 Leak K" conductances

‘Leak’ K™ conductancesgKear), characterised by no or weak voltage-dependence
and fast kinetics, provide a major determinant egufating excitability of many
neuronal types. It has been widely suggestedttehbers of the twin-pore (2P)
domain K channel family provide molecular correlates foygiblogically identified
“leak” K™ conductances (reviewed by (Goldstein, Bockenhati@l.e2001), (Patel
and Honore 2001)). Unlike other'Khannel subunits which have one pore domain

and either two or six transmembrane domains, the ddannel subunits have 4
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transmembrane segments and 2 pore-forming domé&igsiré 3.1, (Lesage and
Lazdunski 2000)). The 4& subunits form functional channels as homomeric or
heteromeric dimers (Lesage, Guillemare et al. 12¥8$age and Lazdunski 2000;
Berg, Talley et al. 2004). The 15 known memberthi family can be grouped into
six subfamilies: thewo pore domain_ wakly nwardly rectifying K (TWIK)
channels (TWIK1, TWIK2 and KCNK7);, WIK-related K (TREK) channels
(TREK1, TREK2 and TRAAK); WIK-related akali-activated K (TALK) channels
(TALK1, TALK2 AND TASK2); the TWIK-related pinal cord K (TRESK)
channel and WIK-related @id-sensitive K (TASK) channels (TASK1, TASK3 and

TASKD5) (Bayliss, Sirois et al. 2003; Mathie 2007).

3.1.2 TASK channels

TASK-1 channels were the first,Kmolecular correlates of background or ‘leak’ K
conductances to be cloned (Duprat, Lesage et 8I7;19eonoudakis, Gray et al.
1998). This was followed by the discoveries ofrfother members of this family
(TASK 2-5) although TASK 2 and 4 have reclassifeesl members of the TALK
subfamily (TASK4 is also named TALK2) (Kim, Bang at. 2000; Ashmole,

Goodwin et al. 2001; Decher, Maier et al. 2001; i&hpAbdallah et al. 2002).

In young rat hypoglossal motoneurons and adulletispinal motoneurons it has
been proposed that members of the TASK group aft#nels, underlie an amine-
sensitivegK  eak (Talley, Lei et al. 2000; Perrier, Alaburda et2003). The presence
of TASK-1 (KCNK3) and TASK-3 (KCNK9) mRNA has be@emonstrated in the

rat FMN, raising the possibility that TASK channalsderlie the amine-sensitive
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Figure 3.1. Structure of K2P receptor subunit.

The Kyp receptor contains four transmembrane segments4)Mand two pore
forming loops (P1-2) and also has an extracellgkf-interacting domain (SID).
The subunits dimerize to form functional channellodified from (Lesage and

Lazdunski 2000).
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OK eak IN FMs (Talley, Lei et al. 2000; Karschin, Wischyee et al. 2001; Vega-
Saenz de Miera, Lau et al. 2001). Neverthelesnotoneuron specific inwardly
rectifying K channel, Kir2.4, has also been proposed to umdéri amine-sensitive
K™ current in hypoglossal motoneurons and this mag bk expressed by neonatal
rat FMs (Karschin, Dissmann et al. 1996; Karschiml &arschin 1997; Topert,

Doring et al. 1998).

TASK-1 and TASK-3 channels mediate openly rectidysurrents with fast kinetics
that can be distinguished by the pH at which theyhalf-maximally activated (pK)
(Duprat, Lesage et al. 1997; Leonoudakis, Grayl.e138; Kim, Bang et al. 2000;
Rajan, Wischmeyer et al. 2000). In addition, thedagenous cannabinoid,
anandamide, preferentially blocks TASK-1 channel$ilev the polycationic
compound, ruthenium red (RR) selectively blocks KASchannels (Maingret, Patel
et al. 2001; Czirjak and Enyedi 2003). TASK-1 amiSK-3 also appear to form
functional heterodimeric channels with emergent ppres distinct from the
respective homomeric channel (Czirjak and Enye@22(alley and Bayliss 2002;
Kang, Han et al. 2004). In this respect, acetyloeanhibits agK,eak in cultured rat
cerebellar granule neurones with properties simitat not identical, to TASK-1
(Watkins and Mathie 1996; Millar, Barratt et al.0®). Single-channel studies have
demonstrated the presence of homomeric TASK-1, moenc TASK-3 and
heteromeric TASK-1 / TASK-3 channels in these céhsn, Truell et al. 2002;

Kang, Han et al. 2004).
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3.1.3 Hyperpolarisation-activated cation current

The channels which medialg belong to the voltage-gated’ Kkhannel superfamily
but I has the unique property of being a slowly develgpnward current which is
activated by membrane hyperpolarisation and nooldegation like other members

of this superfamily.

Four mammalian genes for the subunits which cam fthe hyperpolarisation-
activated cyclic nucleotide-gated cation channelCH-4) have been cloned
(Ludwig, Zong et al. 1998; Santoro, Liu et al. 1R98CN channels are tetrameric
and each subunit has six transmembrane segmen&6(SAith a pore-forming loop
between S5 and S6 (Figure 3.2) (for reviews seaifdaand Seifert 2001; Accili,
Proenza et al. 2002; Robinson and Siegelbaum 2008)e GYG sequence motif
that acts as a selectivity filter in"Kchannels is present in this loop region, however,
the other amino acids in this region also allow fieovement of Nathrough the
channel pore (Heginbotham, Lu et al. 1994; Papé;1BA@dwig, Zong et al. 1998;

Santoro and Tibbs 1999; Kaupp and Seifert 2001).

3.1.4 Voltage gating of HCN channels

Similar to other voltage-dependent channels, HCBnokls have a voltage-sensor
motif (Arg or Lys at every third position) in thedrth transmembrane segment (S4,
Figure 3.2) (Ludwig, Zong et al. 1998). Howeves HCN channels are activated by
hyperpolarisation the mechanism by which this \g#tgensor activates the channel
must differ from other voltage-dependent channelhich are activated by
depolarisation). Potential mechanisms for thislude coupling between the

movement of the voltage sensor and the activataia geing reversed compared to
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S1 S2 S3 S84S5 P Sé6

Figure 3.2. Structure of HCN subunit.

The subunit is comprised of six transmembrane satgg{8&1-S6) and a pore forming
loop between S5 and S6. S4 contains the voltagsoseand the intracellular C-
terminal region contains the cyclic nucleotide-lmgddomain (CNBD) (Modified

from (Accili, Proenza et al. 2002)).
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conventional voltage-gated channels, depolarisaifathe membrane could stabilise
the channel in the closed state or the channeldcbalinactivated at depolarised
potentials and hyperpolarisation removes this imation (Kaupp and Seifert 2001;

Rosenbaum and Gordon 2004).

3.1.6 Heterogeneity of Iy

There are four known genes encoding lthehannel subunits (HCN1-4), which can
form homomeric channels ((Ludwig, Zong et al. 1988ntoro, Liu et al. 1998), for
review see (Santoro, Chen et al. 2000)). Thesdsis evidence for the existence of
functional HCN1/2 heteromeric channels (Chen, Weingl. 2001; Ulens and Tytgat
2001). Within the facial motor nucleus there are least two classes of
motoneurones that can be distinguished by the geltlependence of thelg,
suggesting more than one type of functional chammedts within this nucleus

(Larkman and Kelly 1992)

3.1.7 HCN subunits in the facial motor nucleus

The distribution of the mammalian HCN channel sutsufHCN1-4) has been
determined byn situ hybridization and Northern blotting (Ludwig, Zoegal. 1998;

Santoro, Liu et al. 1998). HCN1 and HCN2 mRNA &ighly expressed in the
mouse brainstem motor nuclei including the faciaton nucleus, with a lower
expression of HCN4 also being detected (SantoroenClet al. 2000).
Immunohistochemical studies also indicate a higbression of HCN1 and HCN2
subunits in the facial motor nucleus with a lowgpression of HCN3 and HCN4

subunits (Notom 2004).
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3.1.8 Blockers of Iy

I is sensitive to block by caesium (gsons, however Csalso blocks inwardly
rectifying K" channels (Larkman and Kelly 1997). The novel pcaddic agent, ZD
7288, acts by selectively blockinlg in the heart and has also been shown to
selectively blockly, in the central nervous system (BoSmith, Briggsalet1993;
Harris and Constanti 1995). ZD 7288 has beensatllito investigaté, in facial
motoneurones and has been shown to block the chahae intracellular site, in a

voltage-independent manner (Harris and Consta®b;1Barkman and Kelly 2001).

3.1.9 Aims

In addition to confirming the ionic mechanisms utglag the actions of 5-HT and
NA in neonatal rat FMs the main aim of this chaptes to investigate the
biophysical and pharmacological properties of thena-sensitivegK ca.  The pH-
sensitivity ofgK _eax Suggested the channel belonged to the TASK faafilgak K’
channels. Although the pharmacologygf, .ok was inconsistent with homomeric
TASK-1 or TASK-3 channels it did support a heteromd@ ASK-1/TASK-3 channel

identity.

3.2 Results

3.2.1 Effect of 5-HT on FMs

When a FM was voltage-clamped at a potential dejgeld to the potassium

equilibrium potential and close to its resting meane potential (routinely between

—50 and —70 mV) bath-application of 5-HT (10 uMbpked an inward current (-57 £
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Figure 3.3. 5-HT evokes a large inward current.

Continuous current record obtained from a FM vataamped at —50 mV in
normal ACSF. Bath application of 5-HT (1) evokes a large, reversible, inward
current. The large vertical deflections represeuatrent responses to voltage
commands on a compressed time scale. The arrovatedithe zero current level.

60



20 pA at -50 mV, n = 6 under these conditions, gdarm Figure 3.3). This is the

current that underlies the depolarisation of the rA¥mbrane potential.

The current response to a hyperpolarising voltage ¢from -50 to —100 mV)
demonstrates that there are at least two distimthismisms underlying this inward
current; an enhancement gfdnd a decrease in the instantaneous current @igur

3.4).

3.2.2 5-HT enhances I;

Stepping from -50 mV to -100 mV activated the slowleveloping
hyperpolarisation-activated cation current, &nd this current was significantly
enhanced by 5-HT (increased by 29 + 11%, n = 7, 0806, one sample t test,
Figure 3.4. amplitude was measured as the difference betwsemstantaneous
and steady-state current in response to the volitegy. The tail currents that arise
due to the slow deactivation of, Wwere also larger in the presence of 5-HT,

supporting the enhancement pbly 5-HT.

3.2.3 5-HT decreases the instantaneous current

In addition to enhancingy,l 5-HT application resulted in a decrease in the
instantaneous current response to a voltage stapnmead. The availability of
ZD7288, a selective blocker of, lallowed the 5-HT-mediated modulation of the
instantaneous current to be investigated in ismlabf the effects of 5-HT on, |
(BoSmith, Briggs et al. 1993; Larkman and Kelly 200 The current responses to
the hyperpolarising voltage steps demonstrateithétte presence of ZD 7288 (10

KUM), |, is abolished and is not increased in the presehseHT (Figure 3.5C).
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Figure 3.4. Multiple mechanisms underlie the 5-HTevoked current.

A.

B.

Hyperpolarizing voltage step command used to itoonchanges in
conductance anig.

Current responses to hyperpolarizing voltagg (A) in control conditions
(black) and following bath application of 5-HT (LM, grey). 5-HT evokes
an inward current at the holding potential of —50@ (). There is a decrease
in the instantaneous current (2) and an increage(8) following application
of 5-HT. 5-HT also increases the tail current (dhich arises adp
inactivates following removal of the hyperpolariginoltage step. The arrow
indicates the zero current level.
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Figure 3.5. Actions of 5-HT in the presence of Z[¥88, a blocker of }.

A.

Continuous current record of a FM voltage-clacthpe—50 mV in the presence
of ZD7288 (10uM). Bath application of 5-HT (1@M) evokes a large inward
current. The arrow indicates the zero currentlland the large deflections
represent attenuated current responses to voltagmands.

Hyperpolarizing voltage step command used taitoochanges iy,

Current responses to hyperpolarizing voltage ¢8 in control conditions
(black) and in the presence of 5-HT (@M, grey). In the presence of ZD7288
(10 uM) 1y, is abolished. Under these conditions 5-HT dee®dke current
response. The arrow indicates the zero currest.lev
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In the presence of ZD7288 (10 puM), 5-HT (10 pM)leaa an inward current when
bath applied to FMs voltage-clamped at =50 mV &6 pA, n = 6, Figure 3.5A).
5-HT (10 uM) also decreased the current responsehéohyperpolarising step
compared to control when ZD 7288 (10 uM) was pregemgure 3.5C). Current-
voltage (1/V) relationships were generated using ¢hrrent response to a voltage
ramp (Methods Figure 2.6). A reduction in the slag an I/V plot indicates an
increase in resistance / decrease in conductamncEigure 3.6B the slope of the I/V
relationship obtained from a FM in the presencesddT (10 uM) was reduced
compared to control, corresponding to a reductiodnductance from 12.3 nS to
8.9 nS (in the presence of ZD7288 (10 uM), condweameasurements were
obtained from the slope of the I/V plot). In amegentative sample of FMs 5-HT (10
uM) application resulted in a mean decrease in cotaghge from 8.0 £ 1.2 nS to 5.6

+£0.9nS (n=6, P =0.018, paired t test).

The 5-HT-induced currents(yt) was obtained by subtraction of the control current
response to the voltage ramp from the current respobtained in the presence of 5-
HT and was plotted against voltage (Figure 3.6Bhe 5-HT-induced current was
approximately linear over the range measured. énetkample shown in Figure 3.6
the point of intersection of the control I/V platdgthe plots obtained in 5-HT is —84
mV. The mean point of intersection and hence salgyotential for this action of 5-
HT was -85 £+ 9 mV (n = 5), close to th® as predicted by the Nernst Equation
(approximately —94 mV, Methods Equation 1). Théfedence in the reversal

potential for the action of 5-HT and the predickgdmay be due to a contribution of
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Figure 3.6. 5-HT inhibits a ‘leak’ potassium condgtance (gK eak)-

A. I/V relationships obtained from a FM in the pese (grey) and absence
(black) of 5-HT (10uM).

B. The 5-HT-induced current plot (obtained by sattion of the control plot
from the 5-HT plot shown in B). This current ispapximately linear over the
range measured and intersects with the x-axis 4tw'8, close to thé&x (as
predicted by the Nernst Equation).
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other ions or a slight underestimation of the jiorctpotential, however, it is clear
that a K conductance plays a significant contribution. drakogether these findings
suggest that one of the mechanisms by which 5-Hdliates FM depolarisation is
through inhibition of a potassium conductangK)( The approximate linearity of
thels.yt suggests a ‘lealdK (gKea (Goldstein, Bockenhauer et al. 2001; Patel and
Honore 2001; Lesage 2003). These findings areistem$ with other published
studies (VanderMaelen and Aghajanian 1980; Vandelenaand Aghajanian 1982;

Larkman, Penington et al. 1989; Larkman and Kefi92).

3.2.4 NA inhibits a gK| eax

NA had been shown to inhibit a conductance in adulEMs which is similar to the
5-HT-sensitivegK L eak (Larkman and Kelly 1992). The presence of this d&hsitive
conductance in neonatal rat FMs has been furtherstigated Bath-application of
NA induced an inward current in neonatal FMs vatatamped at -60 mV in
standard ACSF containing 3 mM Knd ZD 7288 (1uM) (Figure 3.7A). The I/V
relationships in the presence and absence of Niatet that the inward current
was associated with a decrease in membrane comdectg&igure 3.7B). In a
representative sample of FMs, NA ({t®) induced an inward current of -58 + 7 pA
associated with a significant decrease in the neeaductance from 9.4 + 0.8 nS to
7.3+£0.7nS (n =19, P =0.02, paired t test)e WA-induced currentl(») appeared
linear over the voltage range -40 to -90 mV (Fig8&C), however, some
rectification was seen outwith these voltages (gtamn Figures 3.13B). Iya
reversed at -96 £ 3 mV (n = 19), -70 £ 2 mV, (n6) &nd -61 = 2 mV (n = 14) when

the ACSF contained 3, 7 or 12 mM Kespectively, in agreement with predictions
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Figure 3.7. Noradrenaline inhibits a leak K conductance in neonatal rat FMs.

A. Continuous current record of FM voltage-clamped-23® mV demonstrating
that bath application of NA (1QuM) evokes an inward current. Vertical
deflections are attenuated current responses tageolamp commands and the
arrow indicates the zero current level.

B. I/V relationships obtained from the same FM e tpresence (grey) and
absence (black) of NA (1,0M).

C. The NA-induced current (obtained by subtractadnplots shown in B) is
approximately linear over the range measured ataiisiects with the x-axis at
-94 mV, close to the&as predicted by the Nernst Equation (-97 mV, Mdsho
Equation 1).

D. Voltage step commands of variable amplitude (leit)d superimposed
expanded current responses to the voltage step aodsnbefore (control,
centre) and during (NA, right) application of NAQ(uM). ACSF contained 7
mM K" and the horizontal arrow indicates the zero curi@rel for control and
—150pA for NA trace.

E. Subtracted records dfa in response to —30 mV (upper trace) and +20 mV
(lower trace) voltage steps. Single exponentialesirwith the time constants
(v) indicated (Methods Equation 2) have been supexs®g on the activation
and deactivation phases of the currents.
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for the Ex obtained from the Nernst equation (Methods Equafip Subtracted

current records (Figure 3.7D, E) indicated that W¥#&-sensitivegK .k displayed

rapid, voltage-independent, activation and deattiaekinetics. Subtracted currents
obtained after stepping from -60 mV to -40 mV digg@d activation and deactivation
time constants of 9 + 1.6 ms (n = 7) and 6.6 £Ms3(n = 8), respectively. Stepping
to —90 mV from —60 mV revealed activation and deation time constants of 6.9 +
1.1 ms and 8.5 £ 0.7 ms (n = 8). These propertiggest that, in neonatal FMs, NA

inhibits agk™ with properties very similar to the 5-HT-sensitiy€, eax.

3.2.5 NA and 5-HT modulate the same gKea in facial motoneurones

Application of a maximal concentration of NA (L®1) in the continued presence of
a maximal concentration of 5-HT (1j0M) failed to induce any further inward
current (Figure 3.8A) suggesting that the two traitters act on a shared population
of leak K channels. 5-HT (1@M) or NA (10 uM) applied alone induced inward
currents of -45 £ 4 pA (n = 5) and -34 £ 2 pA (1B} respectively\{, = -50 mV,
[K™]o = 7 mM). Co-application of 5-HT and NA induced iaward current of -47 +
8 pA. The transmitter-induced current over thegeaof voltage -30 to -90 mV
possessed the same properties whether 5-HT or Née applied together or

separately (Figure 3.8B).

3.3 ldentity of amine-sensitive gK| eak

It has been widely suggested that members of thegare (2P) domain Kchannel
family provide molecular correlates for physiolagly identified “leak” K

conductances and the hypothesis that memberssofiatinily mediatgK caxin FMs
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Figure 3.8. 5-HT and Noradrenaline inhibit the samdeak K".

A. Continuous current records of membrane curnemhfa FM voltage clamped at
—60 mV demonstrating that the NA-induced inwardrent is occluded by the
5-HT-induced inward current. The large deflectiorspresent current
responses to voltage commands.

B. Plots of NA- and 5-HT-induced current (from tteeords shown in A) share
the same biophysical properties and occlude owevditage range tested. The
NA (control) plot was obtained prior to applicatioh5-HT and the NA (wash)
plot was obtained following washout of 5-HT.

70



has been investigated (reviewed by (GoldsteinkBolauer et al. 2001), (Patel and

Honore 2001)).
3.3.1 External pH modulates a gK| eak

Identification of mMRNA for subunits belonging teetfASK and Kir2 families in the
rat FMN and the knowledge that channels contaitivege subunits are sensitive to
changes in external pH prompted us to investigaefunctional expression of pH-
sensitive K channels in neonatal rat FMs (Topert, Doring etl@b8; Talley, Lei et
al. 2000; Talley, Solorzano et al. 2001). We eatdd the effects of changing the
external pH on the resting membrane conductanceruradtage-clamp conditions in
the presence of ZD-7288 to prevent contaminatiopysensitivel,,. Figure 3.9A
illustrates I/V plots obtained in pH 8, 7 and 6 A€t the same FM. The I/V plots
indicate that at a holding potential of -60 mV &&sing the external [Hinduced an
inward current associated with a decrease in mambcanductance. The current
induced by changing external pHH), obtained by subtracting I/V plots obtained in
each condition (Figure 3.9B), reversed close toptteglictedEx supporting the idea
that at potentials depolarised to tethe net inward current reflects the inhibition of
a resting outward Kcurrent. I, appeared linear over the voltage range -40 to -90
mV however some rectification was seen out withs tlidltage range. These

properties are characteristic of a pH-sensiiesax.

Results summarised from a population of FMs, vatalgmped at -60 mV, indicate
that switching from a standard physiological exaé¢pH of 7.4 to pH 6.0 induced an
inward current of -46 + 6 pA associated with a dase in membrane conductance

from 7.13 £ 0.77 nS t0 5.29 £ 0.55 nS (n = 12).

71



I

V (mV)

pH

- 0.75

- 0.5

- 0.25

-120 -100

-80

-100

-200

-300

L 400

I pH (PA)

vd 0§

3 mins

72



.120- =140 130 1
o
5 —~
__. 1004 e I
< F20 5 =
= 807 > £110-
o o g
= 60= =1 < o
5 00 §\ o
g o1 = 3
o k80 S T 904
[=} - o
4 ~ S
0 b0 o 8
'20 LJ | LJ | LJ | LJ | LJ v 70 v L) v L) v L) v L) v L]
5 6 7 8 9 10 5 6 7 8 9 10
pH pH

Figure 3.9.  Altering external pH around the physiobgical range modulates a
leak K* conductance in FMs.

A. Continuous current recording showing the effectsvafying the pH of the
ACSF on membrane current of a FM voltage clamped6@t mV. The
horizontal bars indicate the external pH and darabf application. Vertical
deflections represent current responses to vokkagemands not illustrated in
this figure. The ACSF contained 3 mM' land the horizontal arrow indicates
the zero current level.

B. I/V relationships obtained using voltage ramp comdsa from a FM
superfused with pH 6, pH 7 and pH 8 ACSF. Conduwsadecreases with
increasing HFl concentration.

C. Subtraction of the plots shown in A indicatingat altering external pH
modulates a leak Kconductance.

D. Plots of membrane current (left abscissa) andngbs in membrane
conductance, normalised to the conductance at @H(right abscissa), at
different external pH taken from the FM illustratedC above. Conductance
measurements were obtained by linear regressiothefl/\VV relationship
between —60 and —80 mV. The sensitivity of chanigesembrane current and
conductance to external pH could be described Wbyuaparameter logistic
function (Methods, Equation 3). pK values of 7.2 &3 and Hill slopes of 1.2
and 1 were obtained for current and conductancegd® respectively.

E. Averaged data (SEM, n = 8) showing the pH sengjtiof changes in
membrane conductance normalised to the conductaicgpH 7. The
relationship could be described by a modified Egluation (Methods, Equation
3) with a pK value of 7.1 + 0.1 and a Hill slope 05 * 0.4 & = 0.9874).
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Under the same conditions, switching from pH 7.Hkb 8 resulted in an outward
current (+22 £ 8 pA) and a conductance increase2at 1.5 nS (n = 4, membrane
conductance at pH 7;4 for the same FMs was 8.36tn8). Irrespective of the
inward or outward nature of the change in memb@meent, the reversal potential
(Vpn) was close to the predicté&g (pH 7.4 to pH 6V =-93 £ 1.4 mV; pH 7.4 to
pH 8,Vpn = -89 + 3 mV). Altering the external "Kconcentration ([K]o) to 7 mM
moved theVyy to -66 + 1.3 mV (n = 7) in close agreement wita dhange predicted

by the Nernst equation.

The pH-sensitivity ofgK eak Was investigated further. Figure 3.9C shows a
representative chart record of membrane curremh faoFM voltage clamped at -60
mV to which ACSF of varying pH was applied. Thei required for the pH-
induced current changes to reach a steady statedvdom 2-5 minutes. We
attribute this to the depth of the recorded FM e wlice, the relatively slow
exchange of ACSF in the recording chamber and théuffering capacity of the
slice. The amplitude df,; and the change in conductance over a range ofnexte
pH could be described by a modified Hill equatidmethods, Equation 3jFigure
3.9D,E). As illustrated in Figure 3.9D, (for th#shown in Figure 3.9C) measuring
either parameter gave closely similar values forsgHsitivity. Data taken from
eight FMs, each of which was exposed to at least fdhhanges in external pH,
indicated a fit of the pH-evoked conductance witbkKavalue of 7.1 = 0.1 and a Hill
slope of 1.5 + 0.4 (+ SEMR® = 0.9874). The pH-sensitive*kconductance was
maximal at pH 8.2 while no further decrease in cmtahce was seen below pH 6.
These data indicate that at physiological pH (3 thé resting pH-sensitivgK | cak IS

approximately 70% of its maximal level.
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3.3.2 NA and changes in external pH modulate the same gK| eax

If NA and external pH (and 5-HT) alter FM excitatyilby modulating the same
oK eak the effects of lowering external pH and transmitggplication should
occlude. The NA-induced inward current was exanhiimeconditions designed to
inhibit (pH 6.5) and activate (pH 7.T)n (Figure 3.10A). When external pH was
increased to 7.7, a maximal concentration of NA |iM) induced a robust inward
current of -109 + 19 pA (n = 5). Lowering exterrp to 6.5 led to a dramatic
reduction inlya to -34 £ 9 pA in the same FMs. In the examplewshin Figure
3.10A the response to NA was almost completelyuntadl when the external pH
was 6.5. Figure 3.10B shows that at pH &y, was occluded over the whole
voltage range examined while at pH 7.7 the ampditadd the properties ofa were
almost identical to those of the current inducedsiwtching the external pH from
7.7 to 6.5. This supports the idea that both esiepH and NA modulate the same
oK eak @and that both have an equivalent maximal levéhloibition.

3.4 The effects of TASK channel blockers on the pH- and NA-sensitive
OK Leak

3.4.1 Anandamide does not inhibit gK| eak

The pH-sensitivity ofgK eak Suggested that TASK channels might contributeni® t
conductance. Low micromolar concentrations of #m&ogenous cannabinoid,
anandamide, block homomeric human TASK-1 channklaingret, Patel et al.
2001). Homomeric TASK-3 channels are blocked bghar concentrations of
anandamide. Bath-application of anandamide (10 pM) had no effect on FM

membrane conductance at the holding potential @9 or over the voltage range
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Figure 3.10. Inhibition of the leak K" conductance by lowering external pH

occludes the effects of NA.

A. Plot of membrane current against time for a FM agdt-clamped at —60 mV.
Solid and dashed horizontal bars indicate the timwden the slice was
superfused with pH 7.7 and pH 6.5 ACSF, respegtiv@irows indicate points
at which NA (10uM, 15 sec) was added to the ACSF. Note the almost
complete occlusion of the NA-induced inward currentH 6.5 ACSF.

B. Plots of the current induced by switching froim p.7 to pH 6.5 ACSF and the
NA-induced current in both conditions from the safM as A. Occlusion of
the NA-induced current by pH 6.5 ACSF was indepenhdef membrane
potential.
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tested in pH 7.4 ACSF (Figure 3.11A, B) or pH 6Fig(gre 3.11A, C) (n = 4).
Anandamide also had no effect on the decreasermerdunduced by either NA (10
HUM) or lowering the external pH from 7.4 to 6 (FiguB.11D). Iya at a holding
potential of -50 mV was -53 + 3 pA in the absentarmndamide compared with -52

+ 3 pAin its presence (n = 3, 3 mMTK).

3.4.2 Preventing metabolic degradation of anandamide

It has been reported that anandamide may be metalypldegraded in certaim
vitro conditions and that this can be prevented by &taolyl trifluoromethyl ketone
(ATFK) (Barbuti, Ishii et al. 2002). When appliatbne for up to 20 minutes ATFK
(10 uM) had little effect on the holding membrane cutrehen applied to two FMs.
The holding current at =50 mV was 96 pA before &42d pA after ATFK incubation
for the first FM (Figure 3.12) and 110 pA beforedal?6 pA after ATFK for the
second. The current induced by NA application walas unaffected in the presence
of ATFK (-74 and —62 pA in the presence and absen&el FK, respectfully for the

first FM and —76 and -98 pA for the second FM).

Subsequent co-application of anandamide (M) in the continued presence of
ATFK did not induce a change in the resting meméraurrent (120 pA for the first
FM and 126 pA for the second before applicatioamdndamide and 109 pA for the
first FM and 165 pA for the second FM after apgima of anandamide). In the
continued presence of ATFK, anandamide also haeffeat on the current induced

by NA. In the first FM the NA-induced current waB2 pA and —64 pA before and
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Figure 3.11. Anandamide (1QuM) has no effect on the pH-sensitive giak.

A.

Continuous current recording of membrane currerdinsg time for a FM
voltage-clamped at -50 mV. Horizontal bars indictite times when the slice
was superfused with pH 7.4 ACSF, pH 6 ACSF and daade (10uM).
Vertical deflections are attenuated current reseenso ramp voltage
commands and the arrow indicates the zero cureeet.|Anandamide failed to
alter membrane current in pH 7.4 ACSF and had fexebn the amplitude or
time course of the inward current induced by peofusvith pH 6 ACSF.

I/V relationships obtained from same FM as A in firesence (grey) and
absence (black) of anandamide (i) in pH 7.4 ACSF. Anandamide has no
effect on the I/V relationship at pH 7.4.

I/V relationships obtained from same FM as A in fhresence (grey) and
absence (black) of anandamide (@@) in pH 6.0 ACSF. Anandamide has
very little effect on the I/V relationship at pH6.

Plot of the current induced by changing the péht 7.4 to 6.0 (obtained by
subtraction of plots in B and C) in the presenaeygand absence (black) of
anandamide (1QuM). Anandamide (10uM) does not inhibit the current
induced by changing pH.
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Figure 3.12. ATFK (10uM) has no effect on the NA-sensitive gkaxand does
not alter the efficacy of anandamide.

Continuous current recording from a FM voltage-gtaoh at -50 mV. Bath
application of ATFK (10uM) has no effect on the membrane current and co-
application with NA (10uM) evokes a large inward current, which is simtiaithe
control response to NA. Subsequent applicatioanaindamide (1QM) with ATFK

(10 uM) fails to induce an inward current. Vertical kdetions are attenuated current
responses to ramp voltage commands and the artheates the zero current level.
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after application of anandamide, respectively (a88 pA before and —94 pA after

anandamide application for the second FM).

3.4.3 Methanandamide does not inhibit gKeax

Methanandamide is a metabolically stable analoguanandamide also shown to
inhibit TASK-1 channels (Maingret, Patel et al. 2D0 In the example shown in
Figure 3.13 methanandamide (20 pM) failed to hawg effect on the holding
membrane current (210 pA and 236 pA in the preseand absence of

methanandamide, respectively).

Under control conditions NA induced an inward catref -152 pA in the same FM,
which was also unaffected by methanandamide (-7opowing incubation with
methanandamide, Figure 3.13). In a representativgple of FMs methanandamide
was found to have little effect on the resting meamk current (126 + 52 pA before
and 157 = 55 pA after methanandamide incubation,3). In addition]ya was not
altered in the presence and absence of methanathel&th0D4 + 48 pA and -102 + 46

PA in the presence and absence of methanandaregfeatfully, n = 3).

3.4.4 Ruthenium red does not inhibit gKeak

Homomeric TASK-3, but not TASK-1, channels are bited by ruthenium red (RR)
(Czirjak and Enyedi 2003). Application of RR (M) to FMs had no effect on
holding current at -50 mV or the inward currentles by NA (n = 4, Figure 3.14A).
The NA-induced current in the presence of RR M) was indistinguishable from
the control response obtained in the absence of A8K-3 blocker (Figure 3.14B).

Thus, inwardiya at a holding potential of -50 mV (3 mM [k) was -50 + 8 pA in
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Figure 3.13. Methanandamide (2@M) has no effect on the NA-sensitive gkax.

A. Continuous current recording of membrane currerdiresg time for a FM
voltage-clamped at -50 mV. Bath application of XI® uM) evokes a large
inward current. The NA-induced current is not bited following incubation
with methanandamide (32M, 11 minutes). Vertical deflections are attendate
current responses to ramp voltage commands andrtbe indicates the zero
current level.

B. Plots of the methanandamide (2M)-induced current I{sa) and the NA-
induced current in the absencéna(conto) and presence Ifama)) Of
methanandamide. Methanandamide does not indiit.x or Ina.
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Figure 3.14. Ruthenium red (1QuM) has no effect on NA-induced inhibition of

K Leak-

A. Current record of a FM voltage-clamped at —50 m&Mmonstrating inward
current evoked under control conditions and follogviincubation with
ruthenium red (10uM, 10 minutes). Large deflections represent curren
responses to voltage commands.

B. Plots of NA-induced currents in the presenceypand absence (black) of
ruthenium red (1@M). Note that the currents superimpose indicatitac of
effect of ruthenium red.
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the absence of RR compared with -59 £ 6 pA in ressence (n = 4). Théya was

also unaffected by the presence of RR.
3.4.5 Zn** has no effect on the pH- and NA-sensitive gK| eak

Homomeric human (h)TASK-1 channels, expressed ih loees, display little
sensitivity to ZA* (100 pM) while homomeric hTASK-3 channels are substalytial

(~70%) blocked at this concentration (Leonoudakigy et al. 1998; Clarke 2003).

Bath-application of Zfi (100 - 300uM) did not significantly affect FM membrane
current (+3 £ 1.7 pA at -60 mV) or membrane slopaductance (5 £+ 0.5t0 5.5 *
0.5 nS in the presence of Zrover the range -90 to -60 mV, n = 5) in pH 7.4 ACS
In the same FMs, superfusion with pH 6 ACSF induaednward current of -49 +
11 pA and decreased membrane conductance to 3.4 ©i) I,y obtained by
changing external pH from 6 to 7.7 was unaffectgdtie presence of Zh
Consistent with its lack of effect dpy, Zré* (100 — 30QuM) also failed to altefya
(Figure 3.15). Thus, inwarg at the holding potential (-52 mV, 7 mM k) was -
51 £ 20 pA (n = 3) while outwartha at -102 mV was 92 = 28 pA (n = 3). These
values compared with -44 + 13 pA and 88 + 29 pA& mV and -102 mV,
respectively, in the presence of?Z300uM). Despite this lack of effect ogK eak

in some FMs Zf did inhibit a small NA-induced enhancement of a®‘Ca

conductance (See arrowed inflection in Figure 3.15)
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Figure 3.15. Zrf* (300puM) does not block the actions of NA on gkeax.

Plots of NA-induced currents, from a voltage-clachgeM, in the presence and
absence of Z1i (300uM). Zn** fails to block the actions of NA agK eax but it does
abolish an inflection attributable to enhange™ (arrow).
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3.4.6 Bupivacaine partially occludes the pH- and NA-sensitive gK| eak

The local anaesthetic bupivacaine has been shownrteselectively block TASK-1
and TASK-3 channels with Kgs around 100uM (Leonoudakis, Gray et al. 1998;
Kim, Bang et al. 2000). Bupivacaine (1@®) induced an inward current in 4 FMs
tested while in two further motoneurons bupivaca{@®0 uM) failed to alter
membrane current. At a holding potential of -50 (8vnM [K],) bupivacaine (100
KMM) induced a current of -49 + 12 pA (n = 4) whicgkversed at -87 + 3 mV and
displayed the linear I/V relationship charactecigif inhibition ofgK ea. The NA-
induced inward current was partially and reversiitgluded by bupivacaingK eax
(Figure 3.16). Thus, NA (1QM) induced a current of -137 + 33 pA and -94 £ 22 p
in the absence and presence of bupivacaine regplgctiepresenting occlusion by

29 + 8%.
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Figure 3.16. Bupivacaine (5@M) partially occludes NA-induced inward
current in FMs.

Plots of the current induced by bupivacaihg,(50 uM), NA (Ina, 10 uM) and NA
in the presence of bupivacainkigr)) demonstrating that bupivacaine (fM)
partially occludes$ya in FMs.
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3.4.7 Isoflurane enhances gK| eak

In a recent study of rat TASK channels the volatil@aesthetic isoflurane inhibited
homomeric TASK-1 current but enhanced current edrby homomeric TASK-3
and heteromeric TASK-1 / TASK-3 channels (Berg, |8alet al. 2004). This
enhancement was seen even when the current wanatigtiactivated by external
pH. We investigated the effects of isoflurane d §K .o« When the conductance

was optimally activated by an external solutiompHif8.

Bath-application of isoflurane (see Section 2.2d2 §olution preparation and

concentration estimation) increasgid, ax in four out of five facial FMs tested/,

= —63 + 2 mV in ACSF containing 7 mM ‘K Figure 3.17). Expressed as a
percentage of the maximal pH-sensitive currentl®0-mV, obtained by exposing

each FM sequentially to ACSF of pH 8 and pH 6, lisahe enhanced the pH-
sensitive current by 55 + 6 % (n = 4). It is notethy that in the remaining FM

isoflurane reversibly and reproducibly inhibitgld, eax.

3.5 Validation of pharmacological activity of methanandamide and
ruthenium red

The absence of any effects of anandamide, methanadd and RR on FMs raised
the possibility that these compounds were not adtithe experimental set-up used.
The ability of methanandamide and RR to inhibitgpre TASK channel-mediated

currents in cultured rat cerebellar granule neusof@GNs) was tested (Maingret,

Patel et al. 2001; Han, Truell et al. 2002; Kangntét al. 2004). Lowering pH to 6
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Figure 3.17. Isoflurane enhances the pH-sensitigK| eak in FMSs.

A. IV relationships from an FM superfused with pHpH 7, pH 8 and pH 8 with
isoflurane (concentration as indicated in Metho®€S5F. Isoflurane increases
oK eak €ven when the conductance is maximally activatedHh8 ACSF-.

B. Subtraction of the plots shown in A indicatingeater activation of the pH-
sensitivegK  eak IN the presence of isoflurane (pH 6 — pH 8 + Ii@n in its
absence (pH 6 — pH 8). The ACSF contained 7 miM K
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from 7.4 induced a current in CGNs with charactessof a TASK-mediated leak

K* conductance (Figure 3.18, 3.19).

3.5.1 Methanandamide inhibits TASK-like channels in cultured
cerebellar granule neurones

In the example CGN shown in Figure 3.18 (voltagevged at -20 mV) lowering the
pH from 7.4 to 6.0 induced a reversible currentlef2 pA. The current induced by
lowering pH from 6.0 to 7.4 at -50 mV was -58 pAgiie 3.18). In a representative
sample of CGNs lowering pH from 7.4 to 6.0 induceelan currents of -93 £ 52 pA
and -46 £ 16 pA at holding potentials of -20 mV aB@ mV, respectively (n = 3). In
the example in Figure 3.18 bath-application of metndamide (2QM) had a small
effect on CGNs, inducing an inward current of -2 gt -20 mV and -10 pA at -50
mV. This represents an inward current that wa®4dl{at -20 mV) of the current
induced by lowering pH. Methanandamide induced eaminward current in a
representative sample of CGNs that was 21 + 5 %hepH 6-induced current (n =
3). As can be seen from the I/V plots (Figure Blb®ering pH and methanadamide
induced currents that were approximately linearrdtie range measured and had

reversal potentials close to the predidigdsimilar to thegKeak in FMs.

3.5.2 Ruthenium red inhibits TASK-like channels in cultured cerebellar
granule neurones

In the example CGN shown in Figure 3.19, loweritgipduced an inward current
of -149 pA at -20 mV (Figure 3.19). In the sameN;&RR (10uM) induced an

inward current of -79 pA (Figure 3.19). The cuteemduced by lowering pH and
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Figure 3.18. Methanandamide inhibits gKeak in CGNs

A. I/V plots obtained from a cultured CGN in pH {llack), pH 6.0 (light grey)
and in the presence of methanandamideuQdark grey).

B. Currents induced by methanandamide (0 Iya) and changing from pH 6.0
to pH 7.4 (,1) obtained by subtraction of plots in A.
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Figure 3.19. Ruthenium red inhibits gKeax in CGNs

A. 1/V plots obtained from cultured CGN in pH 7lddck), pH 6.0 (light grey)
and in the presence of ruthenium red @M, dark grey).

B. Currents induced by ruthenium red (i, Irg) and changing from pH 6.0 to
pH 7.4 (,n) obtained by subtraction of plots in A.
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RR at -50 mV in this CGN were -60 pA and -32 pAspectively. In a representative
sample of CGNs RR (10 uM) induced an inward curtieat was 53 = 2 % (n = 3) of

the amplitude of the current induced by lowering pH

These findings are consistent with reported effe¢tmmethanandamide and RR on
TASK-1 and TASK-3 channels in cultured CGNs (MagtgiPatel et al. 2001; Han,

Truell et al. 2002; Lauritzen, Zanzouri et al. 20B8ng, Han et al. 2004).

3.6 Discussion

3.6.1 Excitatory effects of 5-HT and NA

5-HT and NA were found to have excitatory effeassn@onatal rat FMs, consistent
with previously reported excitatory effect of 5-lh adult FMs (VanderMaelen and
Aghajanian 1980; Vandermaelen and Aghajanian 198%kman, Penington et al.

1989).

3.6.2 lonic mechanisms mediating action of 5-HT and NA

5-HT was found to evoke an inward current in nean&Ms voltage-clamped at
potentials depolarised to the predictgdand the ionic mechanisms underlying this
inward current were confirmed as an increaséyimnd decrease in a potassium
conductance gKea. Additional properties of the 5-HT-sensitive g@&dium
conductance were examined in the presence of,tbéocker, ZD 7288 (BoSmith,
Briggs et al. 1993). The current response to aefpgdarising voltage step
demonstrates thdt, is abolished in the presence of ZD 7288 and islamger

enhanced by 5-HT.
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NA was found to evoke an inward current in neondids, mediated by an
inhibition of agK ea With similar properties to the 5-HT-sensitigl | eax.  This is
consistent with previous studies demonstrating that also promotes adult FM
excitation through inhibition of gK ek alone and not enhancementlg{Larkman
and Kelly 1992). The inward current evoked by 5-Bidcludes the NA-induced

inward current suggesting these amines modulateaime conductance.

The I/V relationships obtained in the presence-bfTsand NA provide evidence that
these amines modulate a leak potassium conduct{glgey). Firstly the slope of
the 1/V plot in the presence of 5-HT or NA are reeld compared to the slope of the
control plots indicating that 5-HT and NA decreasaductance through closure of
ion channels in the membrane. Secondly the pdiirttersection of the 1/V plots in
the presence and absence of 5-HT and NA and th pbintersection with the x-
axis ofls.yr andlya are close to the predictégt, indicating 5-HT and NA decrease a
gK. Thirdly, Is.yt andina are approximately linear over the voltage rangesuesl
suggesting that the amine-sensitgié shows little or no voltage-dependence, a

characteristic property @K .ax (Goldstein, Bockenhauer et al. 2001).

3.6.3 I, and gKeak contribute to the resting membrane potential

In and gKeak coNtribute to the resting membrane potential imaaety of central

neurones (reviewed in (Pape 1996; Lesage and LakddA00)). The contribution
of I, to the membrane potential can be determined bgrdewy current changes
following application of ZD 7288. The effect of ZI?88 application on FM holding
current was not observed in the present studyi@sssiere incubated with ZD 7288

prior to recordings being made, therefore the Imgidiurrent in the absence of ZD
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7288 was not measured. Previous studies demandtrat when ZD 7288 was
applied to FMs voltage-clamped close to the restiegnbrane potential it evoked an
outward current that reversed at the predictedrsavgotential for, (although not
all FMs showed this response to ZD 7288) (Larkmaoh leelly 2001). This supports
a role forl, in contributing to the resting membrane potenitiaFMs. gK|eak IS
active at typical resting membrane potentials anel decrease in conductance
observed when 5-HT and NA were applied in the preseof ZD 7288 supports a
role for gKeak In setting the resting membrane potential in FM#is is supported
by recent findings that both, and agK e contribute to the resting membrane
potential and control neocortical interneurone &lility (Gibson, Bartley et al.

2006).

3.7 Molecular identity of gK|eak iIn FMs
3.7.1 5-HT, NA and external pH modulate the same gK| eax

The results characterise a pH-sensitive conductandeseveral lines of evidence
support the idea that pH and NA (and 5-HT) modulladesameK  cakin neonatal rat
FMs. Firstly, NA and lowering external pH belowetnormal physiological level
(pH 7.4) inhibited a current that displayed rapishekics, a small amount of
rectification over the potential range -120 to ¥ and a reversal potential at the
predictedEx. Secondly, lowering external pH occluded theandiof NA. Maximal
concentrations of NA decreased membrane conductanadevel very close to the
maximum level of inhibition obtained by loweringtexnal pH. Thirdly, raising the
external pH above pH 7.4 induced an outward cumesbciated with an increase in
membrane conductance and under these conditionartipditude of the inward

current induced by NA was increased. In addittbe,pH- and NA-sensitivgK| eax
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displayed a common pharmacology to a wide randg€ ahannel blockers (Larkman
and Perkins 2005). In combination, these resulispsrt a common target of

modulation.

One possible explanation for the occlusion of thé-rNediated response by low
external pH is a change in protein structure tha&rug@ts agonist-receptor
interactions. Reports suggest- but not aj-adrenoceptors display alterations in
functional responses associated with changes inistgoinding affinity over the pH
range 6 to 8 (Curro and Greenberg 1983; NunnapaBke et al. 1987; Tateishi and
Faber 1995). As the pharmacology of this actionN&f indicates that aro-
adrenoceptor mediates inhibition g eax iIn FMs (see Chapter 4) it is unlikely that
occlusion of the NA-mediated modulation @i eak by low external pH is due to

altered agonist-receptor interactions.

3.7.2 pH-sensitivity of the amine-sensitive gK| eak

The presence of mRNA for the pH-sensitivé ¢hannels TASK-1 and TASK-3 in
the FMN makes these channels potential candidategki, .« (Talley, Lei et al.
2000; Karschin, Wischmeyer et al. 2001). TASK-H aiASK-3 channels mediate
openly rectifying, non-inactivating, whole-cell cents similar to the pH- and NA-
sensitivegK eak in facial motoneurons (Duprat, Lesage et al. 19999noudakis,
Gray et al. 1998; Kim, Bang et al. 2000; Rajan, &hmeyer et al. 2000; Talley, Lei
et al. 2000; Vega-Saenz de Miera, Lau et al. 20@gtivation and inactivation are
described as “instantaneous”. For example, TASKx&nnels expressed Xenopus
oocytes displayed time constants of around 4 nisyery dissimilar from the values

of 8 to 9 ms described here (Rajan, Wischmeyen.e200). The sensitivity of
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TASK-1 channels to external pH lies across the jofhygical range with a pK
around 7.3 to 7.5(Duprat, Lesage et al. 1997; Yyalei et al. 2000). The pK for
TASK-3 channels is approximately one pH unit lowerthe range 6 to 6.7 (Kim,
Bang et al. 2000; Rajan, Wischmeyer et al. 200@gavBaenz de Miera, Lau et al.
2001) such that at physiological pH a TASK-3-mestiatonductance should be
maximally activated. The pH-sensitigi .« Of FMs has a pK close to 7.1, between
the published ranges for either homomeric chanm®.pH 7.4 it is activated to
approximately 70% of its maximal level, suggestagainst a homomeric TASK-3
identity. The pH-sensitivity of FMK | cax Was determined in physiological external
[K™] (3 mM) so the pK cannot be attributed to a prasly described effect of high
external [K] on TASK-1 channels (Lopes, Gallagher et al. 2Q0fpes, Zilberberg

et al. 2001).

Interestingly human Kir2.4 is inhibited by exterrtl over the range pH 6 to pH 8
with a pK of 7.1(Karschin, Dissmann et al. 1996pé&d, Doring et al. 1998; Hughes,
Kumar et al. 2000). Kir2.4 mRNA, along with mRNArfKir2.1 and Kir2.2, is
expressed in some neonatal rat FMs. As such dei@egrpH-sensitivity alone may
not be sufficient to distinguish TASK and Kir2 cimeh types (Karschin and
Karschin 1997; Topert, Doring et al. 1998). It haswever, been suggested that rat
Kir2.4 channels are only slightly pH-sensitive (ubfished observations in (Talley,

Lei et al. 2000)).

3.7.3 Pharmacology of the amine- and pH-sensitive gK| eak

The lack of effect of methanandamide or anandamuwigh or without pre-

application of the metabolic inhibitor ATFK, sugteagainst a TASK-1 identity for
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FM gK\ eak. However, the insensitivity to anandamide of M cax should not be
overstated. A recent report suggests that unliman TASK-1 and TASK-3
channels the rat homologues are not particulanhgisee to low concentrations of
anandamide and that higher concentrations faildoridhinate the two channel types

(Berg, Talley et al. 2004).

The inability of RR to blockgK eak suggests against a TASK-3 identity. The
expected effects of these ligands observed in m@dtwcerebellar granule cells
indicate that the negative results cannot be atgibto factors that might affect the
activity of these drugs or their delivery to thiess. Recently, Zii has been used to
discriminate between human TASK-1 and TASK-3 ch#&(@€larke 2003). Human
TASK-1 is unaffected by Z#i (100 pM) whereas the same concentration blocks
hTASK-3 by greater than 70% (@#6= ~20uM). While the insensitivity of the pH-
and NA-sensitive gk to Zrf* also argues against a TASK-3 channel identity there
is a suggestion that rat TASK-3 channels are irieasto Zrf* (100 pM)
(Leonoudakis, Gray et al. 1998; Kim, Bang et alD@0 Recently though thgK eax

in rat CG neurones has been shown to be substgritlatked by ZA" (100 pM)

(Clarke, Veale et al. 2004).

It is of interest that the local anaesthetic bupame inhibited a conductance that
shared the properties gK .ok and at least partially occluded the actions of INA
some FMs. Bupivacaine inhibits both TASK-1 and KAS channels with roughly
equivalent potency (Leonoudakis, Gray et al. 196&), Bang et al. 2000) and its
ability to block a pH-sensitivgK cax in thalamocortical neurones appears sufficient

to ascribe this a TASK channel-mediated conductght=uth, Budde et al. 2003).
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Nevertheless, bupivacaine also has actions on olismels including some voltage-
gated K channels (Gonzalez, Longobardo et al. 2001). Tihsle the current
blocked by bupivacaine in FMs is consistent withiABSK-like gKeax the additional

block of other K channels may also contribute to the overall effé¢his drug.

3.7.4 Possible identities of FM gKeak: TASK-1/ TASK-3 heterodimers

Though the results described in this chapter sugagesnst homomeric TASK-1 or
TASK-3 channels, evidence indicates TASK-1 and TABHKnteract to form
functional heterodimeric channels (Czirjak and Ehy2002; Talley and Bayliss
2002). Could FMgK eak be accounted for by heteromeric TASK-1 / TASK-3
channels? The pharmacologies of homomeric TASKeaimomeric TASK-3 and
heteromeric TASK-1 / TASK-3 currents expressedanous systems and F§K| eax
are compared in Table 3.1. It has been suggdsstdhéterodimer formation may be
a favoured process when both TASK-1 and TASK-3 sitbuare present, though
recent studies on cultured cerebellar granule datfscate both homomeric and
heteromeric channels can also co-exist in the saefigCzirjak and Enyedi 2002;
Kang, Han et al. 2004). It has also been obsetivadisoflurane enhances current
carried by heteromeric TASK-1 / TASK-3 and homorméFASK-3 channels while
inhibiting homomeric TASK-1 channels (Berg, Talleg al. 2004). Isoflurane
enhances FMgK eak While ruthenium red the TASK-3 blocker has no etfe
Heteromeric TASK-1 / TASK-3 channels are insensitte ruthenium red because
the channel subunits must provide symmetrical autgon sites for potency (Czirjak

and Enyedi 2002; Kang, Han et al. 200#hese results are consistent with the
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TASK-1/

TASK-1 TASK-3 TASK-3 Rat FM gK| eak
pK ! ~7.5() ~ 6.8 (1 ~7.3( ~7.1
Isoflurane (0.3 MM) | N6 effect (1) | ~+80% (1) | ~ +50% () | ~ +55%
Methanandamide

L ~-85% () ~-64% (r) ~-55% () No Effect
(10 um)
Ruthenium red No Effect

No Effect (r ~-85% (r No Effect (r
5 ° (1 (1 O | 10 uw
Zn?* (100 uM) 278 | ~-40% (r) No Effect () | No Data No Effect

No Effect (h) | ~-70% (h) ~ -20% (h)

Bupivacaine
- ~-60% () ~-50% () No Data ~-30%
(100 M) ©
~ ~ ~-90 %
Ba2+ 7,9 |C5o 400 }J.M |C5o 300 }J.M No Data

(r) (r) (500 uM)
Cs*4 710 ~-30% ~ -75% No Data No Effect

(100 pM, 1) (3 mM, 1) (300 pm)

No Effect ~-85%
(10 mM, h) (1 mM)
58 ~-15% (10 ~ -60%
4-AP mM, 1) No Data No Data (4 mM)
5 6,78 ~-30 % No Effect No Effect
TEA (100 MM, 1) | (1 mM, r) No Data (30 mM)

Table 3.1. Comparative pharmacology of TASK channsland rat FM gK|eax.

Values indicated are % current increase (+) orebess (-) in the presence of the drug
indicated, except for the sensitivity of TASK-1 afidSK-3 homomers to B for
which the IG is given. Values for B4 and C§ reflect optimal voltage-dependent
blocker sensitivity. Species is either rat (r) amtan (h). Where non-uniform drug
concentrations are compared the concentrationgiaee in parentheses in the table.
Data for TASK-1 / TASK-3 heterodimer refers to catenated TASK-1 / TASK-3
construct. Data taken froffBerg, Talley et al. 2004)(Clarke, Veale et al. 2004)
3(Czirjak and Enyedi 2002aj(Czirjak and Enyedi 2002bj(Czirjak, Fischer et al.
2000),°(Duprat, Lesage et al. 1997Kim, Bang et al. 2000)(Leonoudakis, Gray
et al. 1998)%(Lopes, Zilberberg et al. 2001) arifMeadows and Randall 2001).
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suggestion that heteromeric TASK-1 / TASK-3 chaanebuld account for FM
OK eak The pK for heteromeric channels lies between thkies for homomeric
TASK-1 and TASK-3 channels but is nearer that ofSKAL (Czirjak and Enyedi
2002; Talley and Bayliss 2002). The pK for R cax is also consistent with a
heteromeric channel. The pH-sensitivity of individual FMs did not differ
significantly from the population average suggesta single population of pH-
sensitive K channels predominates in these cells. Neverthelee observation in
one FM that isoflurane inhibitegK eax, consistent with a TASK-1 channel identity
(Berg, Talley et al. 2004), suggests, .ok may display some heterogeneity within the

FM population.

Further evidence in favour of a heteromeric idgrfor FM gK | eax is the observation
that heteromeric channels share thé" Zmsensitivity of TASK-1 homomers (Clarke,
Veale et al. 2004). The insensitivity @K cax to anandamide should be assessed in
the light of the evidence that rat homomeric TASKahd TASK-3 channels
expressed in HEK 293 cells show lower sensitivity &nandamide and
methanandamide relative to human channels (BedtgyTet al. 2004). In addition,
these compounds show little selectivity betweefedght rat channels. Anandamide
(10 uM) blocks between 60 and 80% of the current flowthgough homomeric
channels and ~50% flowing through heteromeric chEnnThis latter observation is
clearly at odds with the suggestion that a hetermrehannel mediategK eax in
FMs. However, distinct cellular environments mayprote differences between
endogenous channels and those expressed in esl lifhe sensitivity of the TASK-
1 / TASK-3 heterodimer to bupivacaine is unknowithe lack of effect of the

selective blockers of the homomeric channels pdaduany quantification of the
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relative contributions of channel isoforms withindividual FMs similar to that

performed elsewhere (Berg, Talley et al. 2004).

The gKeak iIN FMs displays properties of an amine-sensitifg ok described in
neonatal rat hypoglossal motoneurons (Talley, teale2000). First described as
TASK-1, hypoglossal motoneur@i o« displays pharmacological differences to the
cloned rat TASK-1 channel and is also enhanced doflurane leading to the
suggestion that it may be a heteromeric channdleifd_ei et al. 2000; Talley and
Bayliss 2002; Berg, Talley et al. 2004). It is ioterest that the anandamide

sensitivity of thisgK  eak has not been described (Berg, Talley et al. 2004).
3.7.5 Could other 2P K™ channels underlie FM gK | eax?

One study indicates protein for TASK-2 is foundtle FMN (Gabriel, Abdallah et
al. 2002). TASK-2 gives rise to outwardly rectifgi currents with a pK around 7.8
suggesting activation at physiological pH. Outwardrrent through TASK-2
channels is relatively insensitive to’Band C§ and permeability to Rbis less than
for K, unlike TASK-1 (Reyes, Duprat et al. 1998; Nienreygid et al. 2001; Talley
and Bayliss 2002). It has previously been deteeahithat the FMyK eak IS inhibited
by B&* (500 pM) and Cs(1 mM) (Larkman and Perkins 2005). TASK-2 is also
blocked by bupivacaine (Kindler, Paul et al. 2003evertheless, alone this
conductance could not account for the whole rarfgaHosensitivity or linearity of
the gKea The CNS distribution of TASK-4 channels has bheen established,
however, they are activated by alkaline pH, shatlelactivation at pH 7.5 and have
slow activation kinetics which distinguishes thermonfi gK eqax in FMs (Decher,

Maier et al. 2001). TASK-5 channels, either in looneric or heteromeric (with
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TASK-1) combinations, have so far eluded functiocladracterisation nevertheless
MRNA does not appear to be present in FMs (Ashm@leodwin et al. 2001;

Karschin, Wischmeyer et al. 2001).
3.7.6 Inwardly rectifying and voltage-gated K* channels

The absence of inward rectification giK .o« might be expected to preclude the
involvement of Kir2.4 (and other Kir) channelslevertheless, block of the amine-
sensitivegK  cax by B&* generates an inwardly rectifying I/V relationsiiarkman
and Perkins 2005). This could represent eitherviiitage-dependent block of a
single conductance or the block of an inwardly ifgicly conductance that
contributes to the overall properties of t€ ca. A characteristic ofKj; is that the
Vo5 shifts with [K'], suggesting that the driving force ol Hetermines activation
rather than voltage alone (Yamaguchi, Nakajimalei®90). Examination of the
Ba&*-sensitive component ofK cax in FMs indicated thatVos was relatively
independent of [K|, suggesting a predominantly voltage-dependent bldiskinct
from the properties of Kir channels (Larkman andkis 2005). Nevertheless, it is
a possibility that Kir2 heterotetramers in assocratvith accessorf subunits show

emergent properties distinct from homomeric chan(ethram, Melnyk et al. 2002).

The NA- and pH-sensitivgK eak in FMs has also been shown to be blocked by 4-AP
(4 mM) but not by TEA (30 mM) (Larkman and Perk2@05). TASK-1 and TASK-

3 channels are reported to be insensitive to bt 4ind TEA (Duprat, Lesage et al.
1997; Leonoudakis, Gray et al. 1998; Czirjak, Fescht al. 2000; Kim, Bang et al.
2000; Lopes, Gallagher et al. 2000; Meadows andd&&ar2001; Vega-Saenz de

Miera, Lau et al. 2001). It has previously beeovah that 4-AP blocks fast and slow
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transient outward K currents in FMs though neither appear to contebiat the
amine-sensitivegK Leax (Larkman and Kelly 1998). Rapidly activating, slgw
inactivating, 4-AP-sensitive, voltage-gated éonductances have been characterised
in cardiac muscle (Boyle and Nerbonne 1992). Intipaar, Kv1.5 has been
suggested to contribute a sustained current atlaleged membrane potentials
(reviewed in (Nerbonne 2000)). Kv1.5 channels lalocked by 4-AP, relatively
TEA-insensitive, inhibited by acidosis, blocked lwypivacaine (E€ ~10 uM) and
while being sensitive to Zfithe EGg is close to 80tM (Clement-Chomienne, Ishii
et al. 1999; Steidl and Yool 1999; Gonzalez, Loragdb et al. 2001; Kehl, Eduljee
et al. 2002). The presence of Kv1.5 protein in AManknown though it is present
in motoneurons at all levels of the spinal cord {ddaleibovitch, Vogel et al. 1996).
Nevertheless, a pK around 6.2 and a restrictecagelrange for sustained current
between, at best, -60 and 0 mV both suggest tbatahese channels may not be

sufficient to explain the properties of FdKeax
3.8 Concluding statement

This chapter confirms the enhancement,dby 5-HT and the inhibition of gKeax
by both 5-HTand NA as the ionic mechanisms that mediated tl#atary actions
of these neurotransmitters in neonatal rat FMskiban and Kelly 1992; Larkman
and Kelly 1997; Larkman and Kelly 1998). This ctempalso describes the
pharmacological and biophysical propertiegiéfcak in FMs and provides evidence
that the channel underlying this conductance iSA®&K-1/TASK-3 heterodimeric
channel. Confirming the action of 5-HT and NA ametermining the molecular

identity of gK_eaxk @and NA was necessary for the interpretation of tional
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significance of the modulatory effect of 5-HT and\ Mn FM excitability. This
modulation ofgKeax and Iy will also have consequences for synaptic integmnain

FMs.
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Chapter 4

4.1 Introduction

5-HT and NA promote neonatal FM excitation by depsing the postsynaptic
membrane (see Chapter 3). The ionic mechanisntsutiderlie the membrane
depolarisation have been confirmed as a decreagk ik (5-HT and NA) and an
enhancement of the hyperpolarisation activatedoeaturrent,l,, (5-HT only)

(Larkman and Kelly 1992; Larkman and Kelly 1997;rkraan and Kelly 1998).
However, the receptor subtypes that mediate thetsena of 5-HT and NA have not

yet been conclusively identified.

4.1.2 5-HT receptors

Advances in molecular biology techniques has vastpjanded the database on 5-HT
receptors and there are currently 14 pharmacoltbgi@and structurally distinct
subtypes of 5-HT receptors that are grouped int@rsdamilies (5-HT.;) by their
signal transduction mechanism and structural sitida (Figure 4.1) (Barnes and
Sharp 1999; IUPHAR 2000). The 5-giffeceptor forms a ligand-gated ion channel
and all the other 5-HT receptors are seven trandirem spanning receptors that
couple to intracellular membrane bound guanosimghdsphate (GTP) binding

proteins (G proteins) that can activate variousaggllular signalling pathways.

The chapter focuses on the roles of 5;Hihd 5-HT, receptors in the excitatory

effects of 5-HT.
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Figure 4.1. Dendrogram of 5-HT receptors.
Dendrogram depicting relationship between the knbviil receptors. Modified
from (Barnes and Sharp 1999).
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4.1.3 5-HT, receptors

All 5-HT> receptors are positively coupled to phospholip@s@LC) through G
proteins. Phospholipase C activity increases gardhysis of phosphatidylinositol
bisphosphate (PHPproducing the intracellular messengers inositphbsphate (1E)
and diacylglycerol (DAG) (Alberts, Johnson et al02). IR is released into the
cytosol and is free to bind to dfPeceptors on the endoplasmic reticulum membrane
resulting in the opening of calcium channels fornbgdthe IR receptors, releasing
calcium from these intracellular stores (Albertshidson et al. 2002). DAG remains
membrane bound and activates protein kinase Cinigad phosphorylation of target
proteins. Evidence supporting this transductiorchmaism following activation of
5-HT, receptors is reviewed in Boegtsal (1994). Expression of 5-H1 or 5-HT,¢
receptors in mouse fibroblasts was found to aaiviALC and raise intracellular
[Ca®] ([Ca®];) (Julius, Huang et al. 1990). When expressed\ialAR cells both the
human and rat 5-HE receptors were found to couple positively to
phosphatidylinositol hydrolysis (Kursar, Nelsonatt 1992; Kursar, Nelson et al.
1994). It was also found that when the cloned 5-Haceptor subtypes were
expressed irXenopus laevis oocytes, application of 5-HT resulted in an opgnih
Cd*-sensitive Clchannels, indicating an increase in {giareviewed in (Boess and

Martin 1994)).
4.1.4 5-HT, receptors in the facial nucleus

Autoradiographical studies using the 544 Teceptor antagonistH]-MDL-100907,
identified 5-HTa binding sites in some of the brainstem nuclei idoilg the

trigeminal and facial motor nuclei (Lopez-Gimendgengod et al. 1997). This
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presence of 5-Hjy receptors in facial motoneurones is supported loyh b
immunohistochemical anth situ hybridisation studies (Pompeiano, Palacios et al.
1994; Cornea-Hébert 1999; Fonseca, Ni et al. 200dlgin, Fay et al. 2003).
However, not all immunohistochemical studies detch-HT,» receptors in the

facial motor nucleus (Morilak, Garlow et al. 1993).

5-HT,g receptors in the rat have been identified in genipl tissue, particularly in
the stomach fundus (Kursar, Nelson et al. 1992)khogh mRNA for the 5-H7g
receptor has been detected in the human brainiadeaely studies failed to detect 5-
HT,g receptors in the rat brain (Kursar, Nelson etl8b4; Pompeiano, Palacios et
al. 1994). Subsequently 5-kEl'receptor protein has been detected in the frontal
cortex, cerebellum, hypothalamus, medial amygdathspinal cord of the rat but its

presence in the facial nucleus has not been rep(D@xon, Flanigan et al. 1997).

5-HT,c mMRNA was has been detected in regions of the $texim and spinal cord
including cranial motor nuclei such as the faciaton nuclei, however, the protein
distribution of this receptor in the brainstem he#t been reported (Pompeiano,

Palacios et al. 1994).

4.1.6 Do 5-HT, receptor mediate inhibition of FM gK|eak?

The excitatory responses to 5-4ATand 5-HTc receptor activation in the rat
perform cortex, nucleus accumbens and corticalrpigtal neurones are all mediated
by an inhibition of K conductances raising the possibility that theseptrs may
be involved in the inhibition ofK eak in FMs (North and Uchimura 1989; Araneda
and Andrade 1991; Sheldon 1991; Aghajanian and Ma®887). In addition, non-

selective 5-H7F receptor activation has been shown to have ercjtaffects on rat
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hypoglossal motoneurones and facial motoneuronesniBssen and Aghajanian
1990; Bouryi and Lewis 2003). The development uftgpe selective antagonists
including the 5-H7}a-selective antagonist, R-96544, has enabled tlsiseido be

addressed (Ogawa, Sugidachi et al. 2002).

4.1.7 Increase in intracellular cAMP mediates enhancement of I, by 5-HT

It has previously been determined that the enhaenemf I, by 5-HT in FMs is

mediated by an increase in intracellular cyclic AMFAMP) (Larkman and Kelly
1997). The cAMP binds to an intracellular regioh tbe channel shifting its
activation range to more depolarised potentialskioan and Kelly 1992; Larkman,

Kelly et al. 1995).

5-HT receptor subtypes that couple positively tergdiate cyclase (via &oroteins)

to increase intracellular cAMP levels belong to BhET,4, 5-HTs and 5-HT, receptor
subfamilies (Barnes and Sharp 1999; IUPHAR 200®eAk, Johnson et al. 2002).
However, previous pharmacological investigationsngisthe 5-HT, receptor-
selective antagonist, GR-113808A, and the 5-HAd 5-HT;, antagonist, clozapine,
failed to implicate these receptors in the enhameenof |, in FMs (Larkman and
Kelly 1997). The role of the 5-HTreceptor subtype has been re-examined in this
chapter due to the emergence of the high affirieyT5 receptor selective antagonist,

SB269970 (Hagan, Price et al. 2000; Lovell, Broreig@g al. 2000).

4.1.8 5-HT; receptors in FMs

Although, 5-HT; receptor mRNA and protein has been detected inctréex,

hippocampus, thalamus, hypothalamus and tenia, ttloga expression of 5-HT
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receptors in the brainstem nuclei has not yet weparted.(Neumaier, Sexton et al.

2001).

4.1.9 Adrenoceptors mediating inhibition of gKea in FMs

The receptors that are activated by noradrenafidesfoceptors) are tlg-, oo- and
B-adrenoceptors (Docherty 1998). Theadrenoceptors are Qrotein coupled
receptors that activate the PLC pathway (see b+ddeptor section) and mediate the
excitatory effects of NA, whereas the-adrenoceptors inhibit cAMP formation
(Docherty 1998). The-adrenoceptors are coupled to adenylate cyclageitgct

(IUPHAR 2000).

az-adrenoceptor mRNA has been detected in the famébr nucleus, suggesting this
receptor subtype mediates the inhibitiorgkif cax by NA in FMs (VanderMaelen and
Aghajanian 1980; Larkman and Kelly 1992; PieriboN&holas et al. 1994). This
issue has been addressed usinguih&drenoceptor selective agonist, phenylephrine,

and antagonist, prazosin (IUPHAR 2000).

4.1.10 Aims

The ionic mechanisms that underlie the membraneldegation by 5-HT have been
confirmed as an enhancement of the hyperpolarisatativated cation currenky,
and decrease in a potassium conductance (see €Bagtarkman and Kelly 1992;
Larkman and Kelly 1997; Larkman and Kelly 1998 alddition, NA promotes FM
membrane excitation by inhibiting a potassium camalce but does not enharge

(Larkman and Kelly 1992).
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In this chapter pharmacological approaches have btesed to identify the receptor
subtypes underlying 5-HT- and NA-mediated depadddiion of FMs. The findings
suggest that inhibition ofK ek iIs mediated by activation of 5-H{ and os-
adrenoceptor activation and the enhancemerit, & mediated by 5-Hireceptor
activation. The mechanism by which receptor atiwvaleads to inhibition 0§Keax
Is also addressed in this chapter. The resultsesiggrole for PifPhydrolysis in NA-
induced channel closure but the evidence is lesslasive for a similar involvement

in the actions of 5-HT on these channels.

4.2 Results

4.2.1 5-HT Receptor subtype mediating inhibition of gK| eax

Preliminary studies indicated that non-selectivdB-antagonists block the action of
5-HT ongKeak and the presence of 5-phland 5-HTc receptors in the rat FMN
prompted an investigation into whether this receptbtype mediates this action of

5-HT (Pompeiano, Palacios et al. 1994; Wright, 8gycet al. 1995).

In the example shown in Figure 4.2, 5-HT (i) evoked an inward current of —252
pA when applied to a FM voltage-clamped at —50 nm\tlie presence of ZD7288,
10 uM). This inward current was associated with a otidm in membrane

conductance from 9.9 nS to 5.0 nS. The mean inaamednt at the holding potential
(-50 mV) and reduction in membrane conductance evdky 5-HT was —123 = 65
pA and from 8.2 £ 0.9 nS to 5.2 + 0.4 nS (P = 0,Qdairedt test), respectively (n =

3). The 5-HTEa receptor antagonist, R96544 (QuB1), was applied for a minimum
of 10 minutes and had no effect on membrane cu(@@hi 84 pA before, and 105 +

68 pA after incubation with R96544, n = 3) (Ogawagidachi et al. 2002). 5-HT
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Figure 4.2. The 5-HTa receptor antagonist (R96544, 0.gM) partially blocks

inhibition of gK eak by 5-HT.

A. Continuous current record of facial motoneuronagét-clamped at =50 mV in
the presence of ZD7288 (1M). Bath application of 5-HT (1QM) evokes a
large inward current (1). Following incubation kithe 5-HBa receptor
antagonist, R96544 (0,8, 10 minutes), bath application of 5-HT (M) in
the continued presence of the antagonist evokesalles inward current. The
arrow indicates the zero current level.

B. I/V relationships obtained from a facial motoneuronthe presence (light
grey) and absence (black) of 5-HT (1®1). 5-HT only has a small effect on
the 1/V relationship when applied in the presentdR96544 (0.3uM, dark
grey).

C. Plot of the 5-HT-induced current (obtained by sattion of plots shown in B)
indicate that R96544 (0.3M) reduces the 5-HT-induced current (grey)
compared to control (black).
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was then co-applied with the antagonist. In thangple in Figure 4.2, incubation
with R96544 (0.31M) reduced the inward current evoked by 5-HT to $86(22 %

of control response) and reduced the change inumadce (12.8 nS to 10.6 nS Iin
presence of 5-HT). Incubation with R96544 (0\3) caused a reduction in the mean
inward current evoked by 5-HT at the holding patdrib —30 = 18 pA (n = 3, Figure
4.2A), representing a significant reduction to 2&84t% of control (n = 3, P = 0.04,
one samplg test, Figure 4.4). In the presence of R96544 (M3, the 5-HT-
mediated inhibition ofjK cak is reduced over the entire voltage range and mblT
longer significantly reduces the mean FM membrasredactance (10.6 £ 1.2 nS to
9.2 + 0.8 nS, P = 0.07, pairédest, Figure 4.2B, C). Conductance measurements
were calculated from the slope of the I/V plot.eThme limitations of voltage-clamp
recordings from FMs did not allow for the reverkii of this antagonist to be

investigated.

A similar experiment was carried out on separateugrof FMs where the
concentration of R96544 was increased oM. R96544 (1uM) had no effect on
membrane current at the holding potential (-50 %7 + 60 pA before and 182 +
65 pA after incubation with R96544, n = 3). Fig4r@A demonstrates the current
evoked by 5-HT (1QuM) following incubation with R96544 (1.M) is reduced
compared to control (-18 pA in the presence of R968 uM) compared to —85 pA
under control conditions). The mean 5-HT inducadent (measured at —-50 mV)
was reduced from =50 + 18 pA to -8 £ 5 pA in thesence of R96544 (iM). This
represents a significant reduction in inward curearoked by 5-HT (1@M) to 15 +
5% of control (P = 0.003, one sampl¢est, n = 3, Figure 4.4). R96544 (M)

reduces the inhibition @K cak by 5-HT over the whole voltage range tested (Fegur
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Figure 4.3. The 5-HTa receptor antagonist (R96544, 11M) blocks inhibition of

oK Leak by 5-HT.

A. Continuous current record of FM voltage-clampedZ@ mV in the presence
of ZD7288 (10uM). Bath application of 5-HT (1QM) evokes a large inward
current (1). Following incubation with the 5-Bhl receptor antagonist,
R96544 (1uM, 10 minutes), bath application of 5-HT (1M) in the
continued presence of the antagonist evokes arréghewarent that is reduced
compared to control (2). The arrow indicates thBGrpA level.

B. I/V relationships obtained from a facial motoneurionthe presence (dark
grey) and absence (black) of 5-HT (i®1). 5-HT has no effect on the I/V
relationship when applied in the presence of R9§84M, light grey).

C. Plots of the 5-HT-induced current (obtained by saditon of plots shown in
B) indicate that R96544 (0.,38M) abolishes the 5-HT-induced current (grey)
compared to control (black).
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Figure 4.4. Summary of effects of R96544 on 5-HTduced current.

The 5-HTLa receptor antagonist, R96544, reduces the 5-HTeaducurrent
compared to control. The 5-HT-induced current wesasured at —-50 mV and is
expressed as the mean percentage of the contrétidtdiced current and error bars
represent the SEM (n = 3 for each antagonist cdratgon). 0.3uM of the
antagonist significantly reduced the 5-HT-inducadent (* P= 0.04). Increasing the
concentration of the antagonist tqu/ results in a greater reduction in the 5-HT-
induced current (** P = 0.003). Statistical sigréince was assessed by one sammple
test.
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4.4B, C). In the example shown in Figure 4.3,dbeductance change induced by 5-
HT (10 uM) under control conditions was from 12.3 nS to 82 In the same FM
and in the presence of R96544 (M), 5-HT no longer altered membrane
conductance (11.6 nS and 11.7 nS in the presertealasence of 5-HT). Under
control conditions 5-HT application resulted in @an reduction in conductance
from 7.8 £ 2.5 nS to 6.0 + 2.0 nS (n =3) and thaswnhibited by R96544 (1M)
(7.7 £2.4nSto 7.5 £ 2.3 nS in the presence HfT5or the same FMs). These data
indicate 5-HTEa receptor activation mediates the inhibition g, cax by 5-HT in

FMs.

4.2.2 Mechanism of enhancement of I, by 5-HT

As previously established 5-HT enhandgdy shifting the steady-state activation
curve to more depolarised potentials and increafiagate of activation (Larkman
and Kelly 1992). These effects of 5-HT have beanfiomed here (Figure 4.5). In
Figure 4.5B the current responses in the preseingdidd were shifted so the peak of
the instantaneous current was the same as theotdhereby clearly illustrating the
enhancement df, over the activation rangenabling the effect oh, to be detected
visually). In the example shown in Figure 4.5 édmhancement of the amplitude and
rate of activation of,, by 5-HT is apparent between —90 mV and —120 nihhis is
consistent with the previous findings that intrbdak cAMP shift the activation

range ofl, to more depolarised potentials (Larkman and K&f#i97).

4.2.3 Optimising conditions for investigating I, modulation
Prior to establishing the identity of the receptat mediates the inhibition gk ea,

the modulation ofy, could not be isolated pharmacologically. An aléive
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Figure 4.5. 5-HT shifts the threshold for activatbn of hyperpolarisation-

activated cation current, I,

A. Voltage command (10 mV steps) used to monitor ceamg,.

B. Current responses to hyperpolarizing voltatggps (A) in control conditions
(black) and following bath application of 5-HT (10M, grey). The 5-HT
responses were shifted so the peak of the instaoisncurrent was the same as
the control value, this enables the effectlprio be observed The arrow
indicates the zero current level.
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approach to studying the 5-HT actions @nis to optimisel, and minimise
contribution of gK ok to the overall 5-HT response. The external patass
concentration was increased from 3 mM to 12 mM, cwhshifted theEx to
approximately —59 mV (as predicted by the Nernstdfgn, Methods Equation 1).
Under these conditions in a FM voltage-clamped @adotb9 mV inhibition 0QK | eak
would not evoke any significant net current chaage in cells voltage-clamped
below -59 mV inhibition ofgK sk would be observed as an outward current. H-
channels are mixed cation channels with a highecteity for K* over Nd and the
increased driving force that arises by increasimgexternal K concentration results
in a larger, being measured. When 5-HT was applied to a FVagekclamped at —
60 mV in 12 mM K ACSF (Methods Solution 2.4) an inward current whserved
(-47 £ 8 pA, n =10, Figure 4.6A). Previous studmave shown this inward current
to be abolished by ZD-7288 (Larkman & Kelly, 1998)nder these conditions
was significantly enhanced by 5-HT application (gased by 31 + 6 pA, n =8, P <

0.0001, one sampteest, Figure 4.6B).

4.2.4 5-HT receptor subtype mediating enhancement of I

It has previously been determined that the mechaifis the enhancement &f by
5-HT involves a phosphorylation-independent actadncAMP on the channel,
however, the 5-HT receptor subtype mediating tfffisce has not previously been
identified (Larkman, Kelly et al. 1995; Larkman amcklly 1997). cAMP is
produced by adenylate cyclase and members of p4#hd; receptor families are
known to couple to G-proteins that promote aderyleyclase activity. Prior

incubation with the 5-HJ receptor antagonist, GR-113808A, or the 5sHiifeceptor
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Figure 4.6. In 12 mM [K'], 5-HT enhanced .

A. Continuous current record of a facial motoneuvotiage-clamped at — 60mV
in 12 mM K" ACSF. 5-HT evokes an inward current and the lalgféections
represent current responses to voltage commants. affow indicates the —
200 pA level.

B. Voltage command used to monitor changels.in

C. Current responses to hyperpolarizing voltagess{®) in control conditions
(black) and following bath application of 5-HT (1M, grey). The arrow
indicates the —300 pA current level.
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antagonist, clozapine, did not block the enhancéméh, by 5-HT (Larkman and
Kelly 1997). However, the development of the silec5-HT; receptor antagonist,
SB269970, has allowed the contribution of this ptaeto the enhancement pfby

5-HT to be further investigated (Hagan, Price et2@00; Lovell, Bromidge et al.

2000).

Figure 4.7A demonstrates that bath-application 5{#0 uM) to a FM voltage-
clamped at —60 mV evokes a control inward currértc® pA. This inward current
was replicated following a second application dfib-(Figure 4.7A). The mean 5-
HT-evoked inward current under these conditions w&® = 4 pA (n = 4). The 5-
HT- receptor antagonist, SB269970 (M), was applied for a minimum of 10
minutes prior to co-application of 5-HT with thetagonist and had no effect on the
membrane current at the holding potential (-140013 under control conditions
and -124 + 46 pA following incubation with SB2699® = 0.07, paired test, n =
4). In the example in shown in Figure 4.7B, in gresence of SB269970 (1.0/)
the inward current evoked by 5-HT was reduced freéf@ pA to -8 pA. The mean
inward current evoked by 5-HT in the presence o2&®70 (10uM) was 14 + 3
PA, representing a significant reduction compareddntrol (P = 0.01, pairettest,

n = 4). The small outward current observed is wuthe inhibition ofgK .k by 5-
HT (Figure 4.7B). In the same FM as Figure 4.%& tlurrent response to a
hyperpolarising voltage step demonstrates that 5H0IuM) enhances steady-state
In by 162 pA (21 %, Figure 4.8B). The mean enhancémfy by 5-HT was 101 +
21 pA, representing an increase of 22 + 1 % (n.=Fbllowing prior incubation with
SB269970 (1QuM) the enhancement &f by 5-HT, in the example shown in Figure

4.8, was reduced to 101 pA (17 %, Figure 4.8C)e Mean enhancementlgiby
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Figure 4.7. SB269970 (1M) reduces the 5-HT-evoked inward.

A.

Continuous current record from a facial motonewottiage-clamped at —60
mV in 12 mM K ACSF. 5-HT (10uM) evokes a large, reversible inward
current, which is reproducible. The large defl@ts on the current trace
represent current responses to voltage comman@dscompressed time scale
and the arrow indicates the —200 pA level.

Continuous current record from the same facial metoon voltage-clamped
at —60 mV in the presence of the 5-HEceptor antagonist, SB269970 (10
uM), in 12 mM K ASCF, following incubation with the antagonist fb®
mins. The inward current evoked by 5-HT (1Ml) is reduced compared to
control. Note the outward currents that arise wumhibition of gK eak by 5-
HT (highlighted by the dashed circle$he arrow indicates the —200 pA level.
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Figure 4.8. SB269970 (1M) reduces the enhancement df, by 5-HT.

A. Hyperpolarizing current command used to monitomgies inlp,.

B.  Current responses to hyperpolarizing voltage (Ajrfra facial motoneuron in
12 mM K" ACSF in the presence (grey) and absence (black)HT (10uM).
The arrow indicates the —200 pA level.

C. Current responses to hyperpolarizing voltage (Ajnfra facial motoneuron in
12 mM K" ACSF in the presence (grey) and absence (black)HT (10uM),
following incubation with the 5-HA receptor antagonist, SB269970 ({1®)
for 10 minutes. The enhancementlgfby 5-HT is reduced compared to
control. The arrow indicates the —200 pA level.
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5-HT in the presence of SB269970 (M) was 59 + 14 pA, representing an
increase of 15 = 2 % (n = 4). Thus the enhanceroént in the presence of
SB269970 (1QuM) was significantly reduced 868 = 5 % of control (P = 0.004, one

samplet test, n = 4).

The high antagonist concentration used in the akaperiment raised the possibility
that other receptor subtypes were being affectedth®y antagonist, thus the
experiment was repeated using a lower concentratiofHT (10 uM) was bath-
applied to a FM voltage-clamped at —60 mV and tlerent response to a
hyperpolarising voltage step demonstrates thahisnexample, 5-HT enhancksby
approximately 129 pA (Figure 4.9B). Bath applioatiof SB269970 (0.a4M) for a
minimum of 10 minutes to the recorded FM had neafbn the membrane current (-
237 £ 132 pA under control conditions and -254 4 pA in SB269970, P = 0.22,
pairedt test, n = 3). Figure 4.9C demonstrates that wkT (10 uM) was co-
applied with the antagonist the enhancememt by 5-HT was reduced to 2 pA. The
mean enhancement pfby 5-HTwas reduced to 29 + 14% of control in the presence

of SB269970 (0.3M) (n = 3, P = 0.04, one samgléest, Figure 4.9C).

The enhancement of by 5-HT was significantly reduced by both @B and 10
uM of SB269970 and the effects of these two antajorwncentrations were not
significantly different from each other (P = 0.hpairedt test). These data indicate

that activation of 5-H7 receptors mediates the enhancemeit by 5-HT in FMs.
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Figure 4.9. SB269970 (0.8M) reduces the enhancement df, by 5-HT.

A.
B.

Hyperpolarizing current command used to monitomgas inlp,.

Current responses to hyperpolarizing voltage (Ajnfra facial motoneuron in
12 mM K" ACSF in the presence (grey) and absence (black)HT (10uM).

The arrow indicates the -500 pA level.

Current responses to hyperpolarizing voltage (AQmfrthe same facial
motoneuron in 12 mM KACSF in the presence (grey) and absence (black) of
5-HT (10 uM), following incubation with the 5-HT receptor antagonist,
SB269970 (0.3uM) for 10 minutes. The enhancement lgfby 5-HT is
reduced compared to control (B). The arrow indisahe —500 pA level.
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4.2.5 a;-adrenoceptors mediate inhibition of gKjeak in FMs.

NA also promotes FM excitability by inhibitingK eax in FMs (Chapter 3) and the
adrenoceptor subtype mediating this action of NA baen investigated. The
adrenoceptor agonist, phenylephrine (PE), mimicttexl ability of NA to inhibit
oK eak With an EGp of ~1 uM (n = 12, Figure 4.10). Th@-adrenergic receptor
agonist isoproterenol (5 - 1Q@M) had no effect orgK ek (n = 3). NA- and PE-
induced inhibition ofgK cax could be abolished by bath-application of the
adrenergic receptor antagonists, prazosin (0.5pM1 n = 5) (Figure 4.10A, B).
Modulation ofgK .ok by NA and PE was not blocked by tReadrenergic receptor

antagonist propranolol (4@M; n = 3, Figure 4.10D).

Chapter 3 described the identificationghf eax based on its pH-sensitivity and it is
known that lowering external pH has been shown Iter aagonist receptor
interactions for some adrenoceptors. It was tbeeefmportant to confirm the
identity of the adrenoceptor mediating these astiorFMs as the;-adrenoceptor as
this subtype is not sensitive to changes in extgsHa(Curro and Greenberg 1983;

Nunnari, Repaske et al. 1987; Tateishi and Fab@5)19

4.3 Mechanism for inhibition of gK| eax

The receptors that mediate the inhibitiorgKi ca(5-HT2a anda;-adrenoceptors) are
both coupled to gproteins. The Epathway stimulates phospholipase-C activity
which in turn increases the hydrolysis of phosmhditiositol biphosphate (PHPin
the membrane (Alberts, Johnson et al. 2002). Tésslts in the generation of the

intracellular messengers inositol triphosphates)(I&and diacylglycerol (DAG)
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Figure 4.10. Noradrenaline inhibits gK cak through activation of a;
adrenoceptors.

A.

Continuous current records from an FM voltagargbed at -60 mV showing
that the inward currents evoked by bath-applicabbphenylephrine (PE, 30
puM) and NA (5uM) were inhibited by ther; receptor antagonist, prazosin (0.5
MM). The response to 5-HT (3M) was unaffected by this antagonist.

The NA- and PE-induced currents, obtained byraghon of current responses
to voltage ramps, share the same biophysical ptiepesind are blocked over
the whole voltage range by prazosin.

Dose response curve for PE. Response amplituae mormalised to the
response to 5-HT (1QM). Data points represent mean = SEM for 5 différen
FMs. The solid line represents a fit of the datéMethods Equation 3) with an
ECsp of 1 uM and a Hill slope of 0.71.

Continuous current records from an FM voltagaygbed at -60 mV showing a
lack of effect of the3-adrenergic receptor antagonist, propranolol |{i4), on
the currents induced by NA (BM).
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(Alberts, Johnson et al. 2002). However, initiaidses have determined that the
downstream effects of these molecules (increaseaf’]jCand PKC activation,
respectively) are not involved in the inhibition g eak (Larkman and Kelly 1998;
Larkman, Perkins et al 2003). More recently it H@en determined that the
excitatory effects of activation of 5-HTeceptors can occur without the involvement
of DAG or IP; signalling (Czirjak, Petheo et al. 2001; Lopes, &whet al. 2005).
Instead it appears that BlRepletion from the membrane underlies an agonist-
induced inhibition of Kp and M channels (Czirjak, Petheo et al. 2001; LoRefacs

et al. 2005). This mechanism for inhibition gK ek in FMs has been further

investigated.
4.3.1 PLC-B1is present in the facial nucleus

Figure 4.11 shows a representative sample secli®nu(n thick) from a wild type
mouse (8 days old) stained with an antibody to BLG4 in 2000 dilution). The
facial nucleus displays low, but distinct, levels immunoreactivity for PLG31
indicating that this enzyme is present in FMs. haligh the presence of PLi1-in
the FMN supports a role of this enzyme in the agfainiduced inhibition 0K eax
other G coupled-receptors may be present in FMs which alsg require PLG-

activity.

The functional contribution of PLB1 to the 5-HT- and NA-induced inhibition of
oK Leak Was assessed using mice in which RliChad been knocked out. Table 4.1
summarises the data from 3 PBEC’ mice and 6 littermate controls. Neither the
amplitude nor density of the current induced by Bakere significantly different in

the PLCB1” mice (Table 4.1). However, both the amplitude &mel density of
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Figure 4.11. PLC# is present in the facial nucleus.

A. Representative section from a P8 wildtype mouskemonstrates
immunoreactivity for PLG31 in the facial nucleus (arrows). The scale bar
represents 1.5 mm.

B. Higher magnification of section highlighted thetbox in A. The presence of
PLC1 in the FMN can be clearly seen (arrow). Theestar represents 400
pm.
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Control / PLC-p17*
(N =6)

PLC-B1”
(N=3)

Is.yr Amplitude (pA)

-54.5 +11.6 (n = 10)

-60.7 + 13.5 (n = 6)

I 5.yt Density (pA/pF)

-1.96 + 0.44 (n = 10)

-1.87 £ 0.57 (n = 6)

Ina Amplitude (pA)

443+9.7(N=7)

-9.8+5.1(n=6)

I na Density (pA/pF)

-1.72+.047 (n=7)

-0.34+0.57 (n = 6)

Table 4.1. PLCB1” mice show significantly reduced NA-induced current

Current amplitude was measured at a holding peatewnti -58 mV. Statistical
significance was assessed by Studentést (P < 0.01,” P < 0.001, N = number of
animals, n = number of recordings).

131




the current induced by NA were significantly lowerthe PLCB1" mice compared
to their littermate controls (Table 4.1)s.nt might not be reduced in the PL[ill"
mice for several reasons. Firstly, our sample s1ag be too small, secondly 5-HT
receptors may couple to a different isoform of FLGF thirdly PLC$ might not be

involved.

The contribution of other isoforms was investigateing the non-specific PLE-
inhibitor, U73122 (Bleasdale, Bundy et al. 1989)he mean control 5-HT-induced
current at -50 mV was -103 = 38 pA. Following ibation in ACSF containing
U73122 (10 pM) the 5-HT-induced current was -970tp3 (n = 3). The lack of
effect of the inhibitor suggested that PLC activéyhot required for this action of 5-
HT. However, one possibility is that the incubatiime in these acute application
experiments is not long enough to allow U73122riteethe FMs at a high enough
concentration to inhibit PL@G-isoforms. In an attempt to address this an altemma
experimental approach was taken and U73122 wasgdedlin the internal solution.
Responses to 5-HT obtained from FMs when U73122 ineglsded in the pipette
were compared with control responses to 5-HT obthirom FMs in the same slices
using patch pipettes that did not contain the inbib A control 5-HT-induced
current of -26 = 5 pA (at -50 mV) was obtained frttmee applications of 5-HT. In
another FM from the same slice in which U73122 (8)was included in the
internal solution, the 5-HT-induced current werel &hd +13 pA (2 applications of
5-HT). From this limited data the indications d@nat an isoform of PLC may be
required for the 5-HT-induced inhibition gK eax. HOwever, more extensive studies

will be needed to confirm these initial observasion
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4.4 Discussion

4.4.1 5-HT, receptor activation inhibits gK| eax

Activation of 5-HT, receptors mediates the excitatory action of 5-KTdbcreasing
potassium conductances in several types of neunchsling rat nucleus accumbens
neurons and pyramidal neurons in the piriform coffdorth and Uchimura 1989;
Sheldon 1991). 5-Hk receptor protein and mRNA for both the 544dBnd 5-HEc
receptors have been detected in the FMN (PompeRalacios et al. 1994; Cornea-
Hébert 1999; Fonseca, Ni et al. 2001; Volgin, Fayle 2003). The 5-Hiy.c
selective agonist, 1-[2,5-demethoxy-4-methylpheyf§minopropane (DOM), has
previously been shown to have excitatory effects FEMs (Rasmussen and
Aghajanian 1990). These findings suggested th&iThc or 5-HT,c receptor

activation could mediate the inhibition g s« and this was investigated further.

Application of the 5-H}a receptor antagonist, R96544 (u®1 or 1 uM) had no
effect on FM membrane current but did significantipck the 5-HT-mediated

inhibition of gK| eak

4.4.2 Selectivity of R96544

R96544 has 100-fold lower affinity for 5-Hd, 5-HTig, 5-HTip, 5-hta, 5-HTs and
5-HT- receptors and was found to be ineffective at mettthg 5-HTz- or 5-HT,s-
mediated actions of 5-HT (Ogawa, Sugidachi et @2. However, R96544 does
display relatively high affinity for 5-H3c receptors (although 4-fold less than 5-
HT,a receptors), therefore the action of this antagani$Ms does not rule out the

involvement of 5-H}c receptors in the 5-HT-mediated modulation @ cax
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(Ogawa, Sugidachi et al. 2002). A similar set xppeximents performed using RS-
101221, which has 100-fold selectivity for 5-(¢Treceptors over 5-Hk receptors
would conclusively determine the contribution oH%-4 and/or 5-Hbc receptors to

the 5-HT-mediated excitation of FMs (Bonhaus, Wandh et al. 1997).

4.4.3 Developmental changes in 5-HT, receptor expression

It is worthwhile noting that the experiments witlO6%44 were performed on
neonatal rats aged between postnatal days 4 amshd®ne study has documented
the postnatal development of 5-Hieceptors in hypoglossal motoneurones (Volgin,
Fay et al. 2003). In hypoglossal motoneuroneegpession of 5-Hyx mMRNA was
higher compared to 5-Hf mMRNA expression in rats aged 3-14 days old (Volgin
Fay et al. 2003). The percentage of motoneurox@sessing 5-Hic mRNA
increased with age, however, expression of 5cHIRNA alone was never observed
(Volgin, Fay et al. 2003). This study also desesibthe increase in 5-Hi
immunoreactivity in the FMN postnatal days 5 and\I8lgin, Fay et al. 2003). If a
similar change in 5-Hxk receptor expression occurs in the FMN this could
significantly affect any further studies into thaer of 5-HT,» and 5-HTc receptors

in this nucleus and should, therefore, be investija further by
immunohistochemical analysis of receptor expresbemveen postnatal days 4 and

16.

4.4.4 5-HT; receptor activation enhances Iy

5-HT enhance$;, through a direct action of CAMP on the channel @nelvious
investigations failed to identify the receptor sydet mediating this effect of 5-HT

(Larkman and Kelly 1997). 5-HT 5-HTs and 5-HT, receptors are all coupled
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positively to adenylate cyclase and enhance cAMBPdywmtion, therefore,
representing potential candidates for the recapexdiating the enhancementlgfin
FMs. The 5-HT receptor antagonist, GR-113808A, and the &HTeceptor
antagonist, clozapine, had no effect on the entmaneofl, by 5-HT (Larkman and
Kelly 1997). 5-HT, receptors have been implicated in the 5-HT-mediate
enhancement df, in CA1 hippocampal neurons, in the anterodorsalbthus and in
dorsal root ganglion neurons (Cardenas, Del Mal.e1999; Chapin and Andrade
2001; Bickmeyer, Heine et al. 2002). The potemtiéd of this receptor subtype was
further investigated in FMs using the highly selext-HT; receptor antagonist, SB
269970, (100-fold higher affinity for 5-HTover other 5-HT receptors) (Lovell,
Bromidge et al. 2000). SB 269970 significantlgm@@ased the enhancementpby
5-HT indicating 5-HT receptors mediate this action of 5-HT. The 5;Hdceptors
are the most recently identified members of theTsreteptor family and their action
in FMs provides evidence for novel functional rafethe modulation of motor

activity.

4.4.5 ai-adrenoceptors mediate NA-induced inhibition of gK| eak

The pharmacology of the NA-induced inhibition g, .ok was investigated in FMs
and suggested a;-adrenoceptor subtype. This is consistent with signal
transduction mechanism af;-adrenoceptors (increased PPRCactivity via G
protein activity) being the same as that of 5;H&ceptors which were found to

mediate the 5-HT induced inhibition gKcak(Alberts, Johnson et al. 2002).

This finding also suggests that occlusion of the-i@diated modulation aiKeax

by low external pH (Chapter 3) is not due to alieagonist-receptor interactions as
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0,- but not aj-adrenoceptors show altered functional responsescimed with
changes in agonist binding affinity over the pHgaré to 8 (Curro and Greenberg

1983; Nunnari, Repaske et al. 1987; Tateishi aflwkF2995).

4.4.6 Agonist and antagonist concentrations used in slices

The concentrations of the agonists and antagoostsl in these experiments are
much higher than the Egor 1Cso values reported in the literature forvitro assays.
This is common for slice electrophysiology as tkeask extracellular matrix in slices
can reduce access of the drug to the cell thagirsgbstudied. In addition, uptake or
metabolism of some compounds may also occur, redutie actual concentration
around the recorded cell. For example, the redatenities for 5-HT at 5-HT and
5-HT; receptors are 1 — 17 nM (Kr Ky values) whereas 10 uM 5-HT is required to
routinely produce a maximal response in FMs (Pé&ewnd Snyder 1979; Ruat,
Traiffort et al. 1993). R96544 has a reportedylGf 2.2 nM, however, 0.3 uM
R96544 only partially blocked the 5-HT-induced imition of gK eak and 10 pM
fully blocked this response to 5-HT (Ogawa, Sugmlaet al. 2002). These
concentrations are unlikely to effect most otheéd' b+eceptor subtypes due to the
high selectivity of this compound for the 5-pATreceptor (Ogawa, Sugidachi et al.
2002). However, these concentrations may alsokb®&iT,c receptors and the
contribution of this subtype should be further isivgated (see section 4.4.2). The
reported K values for SB269970 binding to 5-HTeceptor-expressing HEK293
cells and guinea pig cortex membranes are 1.253tn® and 1.7 + 0.3 nM,
respectively (Thomas, Atkinson, et al. 2000). His tstudy 0.3 — 10 uM SB269970

was used, however, due to the high selectivityhif antagonist for 5-Hireceptors
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over the other subtypes it is unlikely that everthgise concentrations other 5-HT

receptors were blocked (Lovell, Bromidge et al. @00
4.4.7 Mechanism for receptor activation leading to inhibition of gKeax

Inhibition of FM gKeak by 5-HT involves activation of 5-HTreceptors anadx;
adrenoceptors mediate the similar actions of NAothBreceptor subtypes couple
through G proteins to phospholipase C (PLC)-mediated hydislpf phosphatidyl-
4,5-inositol-bisphosphate (PP The detection of PLB1 in the FMN by
immunohistochemistry raises the possibility thatdolation of gK eax by these
neurotransmitters may involve activation of thigyne. This is supported by the
finding that in PLCB1" mice the NA-induced current is significantly atter
However, previous studies have demonstrated thexrirad the downstream pathways

of PLC (increased [G4], and PKC signaling) did not affegK cax (Larkman 2003).

Gq-coupled muscarinic Mand group 1 metabotropic glutamate receptorsnouG-
coupled muscarinic Mreceptors, inhibit co-expressed human TASK-1 aA&H-3
channels through a PiRydrolysis-dependent pathway (Czirjak, Pethed.e2G01;
Chemin, Girard et al. 2003). The PLC inhibitor,3122, did reduce the inhibition of
TASK-1 following M; receptor activation, however, the downstream $sgmd
phospholipase C (Gaand DAG) did not appear to be involved (Czirjakfto et
al. 2001). Externally applied U73122 did not effde 5-HT-mediated reduction in
OK eak @and although inclusion of U73122 in the internaluson did appear to
prevent the inhibition 0§K cax this experiment did lack a direct control respottse

S5-HT.
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PIP, has been shown to directly activate severgldhannels and it is proposed that
PIP, depletion from the membrane underlies the agondiiced inhibition of these
channels (Lopes, Rohacs et al. 2005). Modulatioth® activity of membrane ion
channels is emerging as a common role for,.PIKCNQZ2/3 channels (which
underlie the M current) can be activated by Pépplication and recovery from
agonist-induced inhibition of the channel is demendon PIR synthesis (Suh and
Hille 2002; Zhang, Craciun et al. 2003). AdditibpaG protein-gated inwardly
rectifying K™ channels, inwardly rectifying background hannels, humaether-a-
go-go—related gene (HERG) *Kchannels and N-type €achannels have all been
shown to be regulated by BIPHuang, Feng et al. 1998; Bian, Cui et al. 2001,

Gamper, Reznikov et al. 2004; Cho, Lee et al. 2005)

Although the PLC-mediated hydrolysis of RIRas been shown to modulate the
activity of several ion channels, one study suggésat inhibition of TASK-1 and
TASK-3 channels is through a direct action of thee SBbunit and is independent of

PLC and PIR(Chen, Talley et al. 2006).
4.5 Concluding statement

This chapter has investigated the receptor subtyygesh mediate the excitatory
actions of 5-HT and NA in neonatal FMs. The intidn of gK eakby 5-HT and NA
was mediated by activation of 5-bhIreceptors (and possibly 5-Edreceptors) and
az-adrenoceptors, respectively. The enhancemeif was found to be a result of
activation of 5-HT receptors providing a novel functional role foistlieceptor

subtype.
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In addition, the mechanism by which 5-Heceptor andy-adrenoceptor activation
leads to inhibition oBK o Was investigated. The detection of PRCin the FMN
and the finding that PLq31"' mice show reduced NA-induced current supportdea ro
for this enzyme in the inhibition @K ea HoOwever, the mechanism by which this
occurs does not appear to be via the conventiagahling pathways of this enzyme.
One possibility is that PBHNn the membrane support the channel in its opate sind

its PLC-mediated hydrolysis results in channelates
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Chapter 5
5.1 Introduction

5.1.1 Excitatory synaptic transmission

Glutamate is the principal excitatory neurotrangenitvithin the mammalian CNS
and preliminary studies indicate glutamate has tatany actions on FMs
(VanderMaelen and Aghajanian 1980). Fast synagsponses to glutamate are
mediated by three subtypes of ionotropic recepthi@racterized by the selective
agonists that activate thet-methyl-D-aspartate (NMDA)a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) and kainétegure 5.1).
5.1.2 Glutamate receptors

Glutamate receptors form ion channels that are eabte to N& and K.
Additionally, NMDA and some AMPA receptors (thoseking the GIuR2 subunit)
are permeable to &a(Dingledine, Borges et al. 1999). The net effetttte
movement N§ C&* and K ions through the channels mediates a depolansafio
the postsynaptic membrane, if a sufficient depoéion occurs at the cell soma an
action potential will be triggered in the postsyti@meurone. Cd influx into the
postsynaptic terminal also triggers biochemicak@l that can be important for
synaptic plasticity (reviewed in (Soderling, Taraet1994; Dingledine, Borges et al.

1999)).
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lonotropic Glutamate Receptors

—

NMDA AMPA Kainate

NR1 NR2A-D NR3AB GluR1-4 GIuR 5-7 KA 1,2

Figure 5.1. Classification of ionotropic glutamateeceptors.

lonotrophic glutamate receptors are classified @ting to the selective agonists
which activate them.
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NMDA and non-NMDA glutamate receptors co-localizenaany central synapses
and are activated by glutamate with differing tiooarses (O'Brien, Isaacson et al.
1997; Ozawa, Kamiya et al. 1998). AMPA glutamateeptors have fast kinetics,
their permeability to C& is dependent on subunit composition and they ate n
blocked by extracellular M. Conversely NMDA receptors have intrinsicallyvslo
kinetics, are highly permeable to and show a voltage-dependent block by*iig
(Mayer, Westbrook et al. 1984). Removal of the?Mijock of NMDA receptors
(and their subsequent activation by glutamate) igcfallowing the depolarization of
the membrane which occurs when non-NMDA glutamateeptors are activated

(Mayer, Westbrook et al. 1984).

Originally, glutamate receptors were thought tosexas pentamers, however,
evidence now exists supporting a tetrameric strecttom studies on NMDA and
GluR2 receptors (Schorge and Colquhoun 2003; TaemelSafferling et al. 2004).
Functional NMDA glutamate receptor requires botd NMR1 and an NR2 subunit.
This is due to the glutamate binding site beingaled on the NR2 subunit and the
binding site for the obligatory co-agonist, glycim® the NR1 subunit (Kleckner and

Dingledine 1988; Dingledine, Borges et al. 1999).
5.1.3 Glutamate receptors in the FMN

Glutamate receptors are widely expressed throughimeitmammalian CNS and
immunohistochemistry andn situ hybridisation studies have identified AMPA,
NMDA and kainate receptor subunits in the FMN. fur of the known AMPA

receptor subunits are present in the FMN, with GluR and 4 showing higher

expression than the GIuR1 subunit (Martin, Blackstet al. 1993; Sato, Kiyama et
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al. 1993). The expression patterns of kainateptecge subunits (GIuR 5-7, KA1-2)
has been less well examined and only moderateirggaimith GIuR6/7 and KA2

specific antibodies has been reported in the FM®réfla, Wang et al. 1994).

All NMDA receptors are believed to contain at leese NR1 subunit, this subunit
contains the binding site for the obligatory co4aigh glycine. NR1 is highly
expressed in most central neurones, including AR&drélia, Yokotani et al. 1994).
The glutamate-binding site for NMDA receptors isdted on the NR2 subunit, of
which there are four known subtypes (NR2A-D). Inmohistochemistry using an
antibody that recognizes both NR2A and NR2B sulsusiitows positive staining in
the FMN, however, it has been well reported that D¥M receptor subunit
composition changes during development (Petraliany\et al. 1994). Members of
a third class of NMDA receptor (NR3A-B) have alsseh cloned although the role
of this subunit is not fully understood. NR3 suitsiare insensitive to glutamate and
can be expressed with NR1 subunits to form exejagbycine receptors that are
relatively C&"-impermeable and insensitive to block by extradatluMg®*
(Chatterton, Awobuluyi et al. 2002). When co-expess with NR1 and NR2
subunits, members of the NR3 class reduce the rgat&induced current in a
dominant-negative manner (Nishi, Hinds et al. 200hatterton, Awobuluyi et al.
2002). Interestingly, NR3 subunits are found preshantly in motoneurones

including those of the FMN (Nishi, Hinds et al. 200
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5.1.4 Aims

The aim of this chapter was to characterise exxijasynaptic transmission in
neonatal rat facial motor neurones. The interpietaof any effects of 5-HT on
synaptic integration would be simplified if singtdgnapses were being activated so
minimal stimulation protocols were used to attertgtstimulate single synapses.
Minimal stimulation intensities were applied clogethe FM dendrites and evoke
excitatory postsynaptic currents (EPSCs) and paisnEPSPs) that fluctuated in
amplitude. Whether these fluctuations in amplitugjgresented quantal release from
a single synapse or stimulation of more than omesse was further investigated

using paired pulse analysis.

The identity of the postsynaptic receptors whichdiate EPSCs in FMs was also
investigated to provide further insight into syneptransmission in the facial
nucleus. A pharmacological approach was used ¢otifly a non-NMDA and

NMDA glutamate receptor component to EPSCs in FiMsthe subunit composition

of these receptors.

5.2 Results

5.2.1 Evoked EPSCs in facial motoneurones

EPSCs were evoked by positioning a stimulatingtedde close to the dendrites of
the FM and applying minimal stimulation (see Metsod In a representative FM,

voltage-clamped at —70 mV, stimulating close to deedrites evokes a fast EPSC

with mean amplitude of —92 pA (Figure 5.2A, meadfEPSCs including failures).
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Figure 5.2. Stimulating close to the dendrites & FM evokes EPSCs.

A. Mean of 21 events (including failures) recordexin a FM voltage-clamped at
—70 mV. The arrow indicates the zero current learad the large deflection
before the EPSC represents the stimulus artifact.

B. Representative traces from the same FM as Apdstrating that a constant
stimulus intensity occasionally fails to generategponse (failure) and evokes
EPSCs that fluctuate in amplitude. The horizomtabw indicates the zero
current level and EPSC were evoked at a frequeh0y05 Hz.
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Figure 5.2B shows example individual traces frora #ame FM indicating that
EPSCs showed discrete amplitude fluctuations amd s$himulation occasionally
failed to generate an EPSC (a criteria for minirs@ulation). The individual

example EPSCs shown in Figure 5.2B had peak ardpktof 56, 113, 169 and 219
pA. EPSCs evoked using minimal stimulation intBesj at a holding potential of —
70 mV, had mean amplitude of —80 + 3 pA and risg @ecay time constants of 1.8

+ 0.6 and 11.1 + 3.0 ms, respectively (n = 15, €&bl).

The fluctuations in EPSC amplitude could occur assalt of release of one or more
vesicles from a single synapse or activation oftiplgl synapses. As the stimulation
intensity was increased the rate of failure to eévak EPSC decreased and eventually

more synapses were recruited and the mean EPS@waeignificantly increased.

5.2.2 Evoked EPSPs in facial motoneurones

After an EPSC was evoked as described above, tloediag mode was switched to
current-clamp and an excitatory postsynaptic pdE{EPSP) recorded. Figure
5.3A shows an example of a mean EPSP, 2.2 mV iriame, recorded from a FM
at its resting membrane potential (-72.5 mV, mefB4oevents including failures).
Individual traces from the same FM demonstrate BRSPS showed discrete
amplitude fluctuations and that stimulation occaally failed to generate an EPSP
(Figure 5.2B). The example EPSPs shown in Figu8B are 0.9, 1.8 and 2.7 mV in
amplitude. Figure 5.3B also demonstrates that wihensame FM was voltage-
clamped at —70 mV, an identical stimulation evokedSCs that demonstrated

fluctuations in amplitude similar
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EPSC EPSP

Amplitude -80 £ 3 pA 1.8+1.3mV
Rise time constant 1.8+0.6 ms 25+1.3ms
Decay time constant 11.1 +3.0ms 31.7+10.0 ms

Table 5.1. Properties of averaged synaptic everft®m FMs.

EPSCs were evoked in FMs voltage-clamped at —70(m¥ 15) using minimal
stimulus intensities. EPSPs were measured aetiteng membrane potential (-67 *
3 mV) and evoked using minimal stimulus intensitibat generated EPSCs, in the
same FMs, with a mean amplitude of —26 + 10 pA @8).=
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Figure 5.3. Stimulating close to the dendrites & FM evokes EPSPs.

A. Mean of 34 events (including failures) recordiexin a current-clamped FM at
the resting membrane potential (-72.5 mV, as inditdy arrow). The large
deflection before the EPSP represents the stinartifact.

B. Representative traces from the same FM as Apdstrating that a constant
stimulus intensity occasionally failed to generatesponse (as indicated) and
evoked EPSPs that fluctuate in amplitude. Whenstmae motoneuron was
voltage-clamped at —70 mV, an identical stimulatewvoked EPSCs with
fluctuations in amplitude that corresponded wite #PSPs. The horizontal
arrows indicate the —72 mV and the —100 pA lev&smulation was applied
at a frequency of 0.05 Hz.
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to that of the EPSPs (approximately 98, 195 and 280 EPSPs evoked at the
resting membrane potential (-68 £ 3 mV), using mial stimulation intensities that
evoked EPSCs with a mean amplitude of —26 + 10ha8l, mean amplitude of 1.8 +
1.3 mV and rise and decay time constants of 2.5.3 danhd 31.7 + 10.0 ms,

respectively (n = 3, Table 5.1).
5.2.3 Current-voltage relationship of EPSC amplitude

Current-voltage (I/V) relationships of EPSC ampmlgucan indicate the ions which
pass through the open receptor channel and alstdprimsight into receptor subunit
composition. The I/V plot shown in Figure 5.4A wgenerated from an average of a
minimum of 10 EPSCs from 4-7 FMs for each poter(aay failures were omitted
from the average). EPSCs from a representativad&iMonstrate that the amplitude
of individual EPSCs change proportionally with agje (Figure 5.4B). This I/V
relationship had a reversal potential of -17 + 4 (n\= 4-7) and was found to be
outwardly rectifying (ratio of 2.6, see Method3)his outward rectification occurs as
a result of an NMDA glutamate receptor componee¢ (section 5.3) being revealed
at potentials where the receptor block by*Mig removed (Nowak, Bregestovski et
al. 1984). The failure rate did not appear to geawhen the holding potential was
altered suggesting that the probability of vesigdikease was not dependent on the

postsynaptic membrane potential.
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Figure 5.4. Current-voltage relationship of mean PSC amplitude in FMs.

A. 1/V relationship generated from the mean EPS@ldaude (without failures) at
each potential (n = 4-7 facial motoneurones, witregerage of a minimum of
10 EPSCs at each potential in each cell)

B. Example traces from a representative facial medoones demonstrating that
the amplitude of individual EPSCs varies relativette holding potential.
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5.2.4 Paired pulse facilitation

Vesicular release of neurotransmitter is depender@&” influx into the presynaptic
terminal. When two identical stimulation pulse® applied close together the
residual C& in the presynaptic terminal after the first pulsen increase the
probability of release following the second pulssulting in the second of a pair of
mean EPSCs being larger in amplitude than the (iestewed in (Zucker 1989)).
Minimal stimulation intensities were used to targeninimum number of synapses
and occasionally only single synapses were stiradlaAnalysis of the paired pulse
ratio of two EPSCs evoked close together was usedgess whether single synapses

could be stimulated in FMs

Figure 5.5 shows the mean EPSCs evoked by pairedls{50 ms apart) in a FM

voltage-clamped at —70 mV (including failures). eTamplitude of the first mean
EPSC in this FM was —25 pA and the amplitude ofseeond EPSC was —39 pA
(including failures, Figure 5.5A). This represeatpaired pulse ratio of 1.6 (mean
amplitude of EPSC 2/mean amplitude of EPSC 1). Mthe EPSCs from this FM

were averaged excluding the failures, the first ERfas —37 pA in amplitude and
the second EPSC was —36 pA (Figure 5.5B). The tdgbaired pulse facilitation

when failures were excluded indicates that the EPi8Ghis FM were generated by
activation of a single synapse (Stevens and WaB§)19The EPSCs at this putative
single synapse show amplitude fluctuations progdavidence supporting quantal

release at a central synapse.
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B. EPSC1 EPSC 2

Figure 5.5. Paired pulse facilitation at single syapses.

A. Mean EPSCs (including failures) evoked by paiséichuli (50 ms apart) in a
FM voltage-clamped at —70 mV. Note that EPSC faiger than EPSC 1.
The arrow indicates the —160 pA level.

B. Mean EPSCs from the same FM as A with failuredugled. Note that now
EPSC 1 and 2 are of similar amplitude. The armucates the —160 pA level.

152
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Figure 5.6. Paired pulse facilitation at multiplesynapses.

A. Mean EPSCs (including failures) evoked by paiséichuli (50 ms apart) in a
FM voltage-clamped at —70 mV. Note that EPSC figer than EPSC 1.

The arrow indicates the —160 pA level.

B. Mean EPSCs from the same FM as A with failuresuedex. Note that
EPSC 2 is still much larger than EPSC e arrow indicates the —160 pA

level.
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Figure 5.6A demonstrates paired pulse facilitattoanother FM voltage-clamped at
-70 mV. When failures were included the first EP8&s —27 pA in amplitude and
the second was -73 pA representing a paired patse of 2.7. When failures were
excluded from the mean EPSC in this FM the ampditatithe first EPSC was -40
pA and the amplitude of the second was -83 pA (f@du6B). The paired pulse
ratio for this FM was now 2.1. When mean EPSCH show paired pulse

facilitation when failures are excluded (as in @mple) it is an indication that the

EPSCs are generated by activation of multiple syeaStevens and Wang 1995).

An alternative method for assessing the numberyofpses activated was also
applied to EPSCs evoked in FMs. Cumulative amghitthistograms can be
generated by plotting the number of EPSCs in eagblitude bin against amplitude.
Clear peaks in these histograms are indicativeuaihtal amplitudes, however, the
accuracy of this analysis method is dependent emmbaa large sample size. As
EPSCs were only evoked every 20 seconds in alrdeays insufficient numbers of

EPSCs were evoked during the recording period &blenaccurate histograms to be
generated. Figure 5.7 is a typical example of audative probability histogram of

EPSC amplitude from a representative FM. Arrowdicate potential peaks in the
histogram but the sample size is insufficient tonpe a statistically significant

analysis.

154



[EnY
(ee]

]
<+

= =
IS (2}
! !

[EnY
N

|
<+

Number of Events
o

0 1 5 9 13 17 21 24 29 33 37 41 45 49 53 57 61
Amplitude (pA)

Figure 5.7. Probability histogram of evoked EPSC mplitude.

In this example FM the distribution of individuaieally spaced EPSC amplitudes
suggests there are three peak amplitudes (inditgtadrows). This could potentially
be interpreted as a result of activation of ughtee¢ synapses or quantal release from
a single synapse.
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Figure 5.8. Effect of NBQX, AP-5 and removing extamal Mg?* on EPSC

amplitude in FMs.

A. Representative mean EPSCs obtained from a Fhag®iclamped at -70 mV
demonstrating that the mean EPSC amplitude is esluc the presence of
NBQX (20 uM, grey) compared to control (black).

B. Representative mean EPSCs obtained from the &ineoltage-clamped at -
70 mV demonstrating that in the presence of NBQR (&1), removal of
external Mg" reveals an EPSC. The amplitude of this EPSCdsced in the
presence of AP-5 (50M, grey) compared to control (black).
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5.3 Receptors mediating excitatory synaptic transmission

5.3.1 Glutamatergic receptor contribution to EPSCs

The nature of the neurotransmitter and receptarsived in generating EPSCs in
FMs was investigated using pharmacological and iplogical techniques. Figure
5.8A demonstrates that the mean EPSC amplitude &ompresentative FM was
reduced following application of the AMPA/kainatiutgmate receptor antagonist,
NBQX (20 uM) (Sheardown, Nielsen et al. 1990). In this exenpBQX (20uM),
reduced the mean EPSC amplitude from -122 pA tgpA response to a minimum
of 10 stimuli was recorded under each conditioMBQX inhibited the EPSC
amplitude in every FM tested and amplitude of theamEPSC from 12 FMs was
reduced from —80 = 8 pA to -12 £+ 2 pA in the presenf NBQX (20uM, n =12, P

< 0.0001, paired test,Figure 5.9). This represents a significant redurctn EPSC

amplitude to 16 + 3 % of control (n = 12, P < 0.000ne samplétest).

NMDA glutamate receptors are blocked by #1gt hyperpolarised potentials so in
order to determine whether they contribute to EPBMs the M@" block had to
be removed (Nowak, Bregestovski et al. 1984). Adteserving a reduction in EPSC
amplitude by NBQX (2QM), the external solution was switched to Viree ACSF
(also containing NBQX, 2QM). As the Md* concentration in the bath solution was
lowered an EPSC was revealed. In the example showkigure 5.8B, the low
concentration of external Mfallowed an EPSC with a mean amplitude of -54 pA
(average of 17 traces including failures) to beorded. The mean EPSC amplitude
from a representative sample of FMs under thesalitons was significantly

increased to -48 £ 7 pA (n = 6, P = 0.006, patrasbt).
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Mean EPSC amplitude (pA)
3

Figure 5.9. Summary of effect of NBQX, AP-5 and maoving external Mg?* on
EPSC amplitude.

NBQX (20 uM) significantly reduces the mean EPSC amplitudagared to control
(n = 12, ** P < 0.001). Removal of external Kgreveals an EPSC which is

significantly reduced in the presence of AP-5 (80, n = 6, P = 0.03). A minimum
of 10 EPSCs were obtained from each FM under eaciditton and statistical

significance was assessed by an unpditest.
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The mean rise and decay times of this EPSC werete A and 17.9 + 13.9 ms,
respectively (n = 6). This increase in the riseetiof the EPSC (compared to 1.6 +
0.8 ms for the control EPSC) was consistent witloratribution of NMDA receptors
(Mayer, Westbrook et al. 1984). In order to canfthat these EPSCs were mediated
by NMDA glutamate receptor activation their sensyi to the NMDA glutamate
receptor antagonist, AP-5, was tested (Olvermamesioet al. 1984). As
demonstrated in Figure 5.8B, bath-application of5AB0 uM) reduced the mean
EPSC in this FM to —25 pA. The mean EPSC amplituoien the sample FMs was
significantly reduced to —20 + 5 pA (n = 4, P =3).Qairedt test, Figure 5.9). Thus
in the presence of NBQX and low external ¥gapplication of AP-5 GuM)
significantly reduced the mean EPSC amplitude ta 3% of control (n = 4, P =

0.0067, one sampleest).

An alternative method used for removing the voltdgpendent M block of
NMDA glutamate receptors was to voltage-clamp tMedt a depolarised potential.
Figure 5.10A shows the block of non-NMDA glutamegeeptor-mediated EPSCs by
NBQX (20 uM) at —70 mV, as described earlier. In the corgthypresence of
NBQX (20 uM), the FM was depolarised to +20 mV. This remotas voltage-
dependent Mg block of NMDA receptors and reveals EPSCs whichewasbserved
as outward currents. Figure 5.10B shows the mé&¥pCEfrom a representative FM
under these conditions and the amplitude of thiSERs +112 pA. Individual
EPSCs from this FM are shown in Figure 5.10C. fean EPSC amplitude at +20

mV in the presence of NBQX (2M) was +83 £ 20 pA (n = 4).
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Figure 5.10. Effect of depolarizing FM on EPSC amigude in the presence of
NBQX.

A.

Representative mean EPSCs obtained from a Fkgelclamped at -70 mV in
the presence (grey) and absence of NBQX®D black) demonstrating that
AMPA/kainate glutamate receptor-mediated respoasedlocked. The arrow
represents the -150 pA level.

Mean EPSC obtained from the same FM voltageqptinat +20 mV,
demonstrating that in the continued presence of XEBZD uM) removal of the
voltage-dependent Mgblock reveals an EPSC. The arrow represents@Be 7
pA level.

Representative EPSCs obtained from the samevélMge-clamped at +20
mV, demonstrating that in the continued presencRBX (20 uM) removal

of the voltage-dependent ¥fgblock reveals EPSCs that fluctuate in amplitude.
The arrow represents the 700 pA level.
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In the example shown in Figure 5.10 the non-NMDAnponent is not entirely
blocked by NBQX, therefore the EPSC at +20mV mayéasially mediated by non-

NMDA receptor activation.

5.3.2 Identification of glutamate receptor subunits

Having identified an AMPA/kainate and NMDA glutareateceptor contribution to
EPSCs in FMs, the receptor subtypes involved wat@dr investigated. The lack of
subtype selective AMPA or kainate glutamate reaegtdagonists prevented the use
of a pharmacological approach to determine whidftyges contribute to EPSCs in
FMs, however, it has been established that theréfdtionship of GluR2-lacking
AMPA receptors show a high degree of inward remtion (Sato, Kiyama et al.
1993). Figure 5.11A shows a control EPSC recofdsd a FM voltage-clamped at
+40 mV. In this example, bath application of ARI®0 uM) reduced the EPSC
amplitude from +234 pA to +97 pA, representing duction by 59 %. The mean
EPSC amplitude recorded at +40 mV was +142 + 3&pdthis was reduced to +73
+ 25 pA following application of AP-5 (10QM, n = 4). Having blocked NMDA
glutamate receptors with AP-5 (1QM), I/V relationships of EPSC amplitude were
generated from a minimum of 10 EPSCs (with failuestted) for each potential (n
=4, Figure 5.11B). This I/V relationship had &ersal potential of -17 + 4 mV (n =
4-7) and was found to show outward rectificatioati¢r of 2.0, see Methods)

suggesting the GIuR2 subunit was present at theps@as tested.
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Figure 5.11. Current-voltage relationship of mearEPSC amplitude in FMs in
the presence of AP-5.

A.

Traces from a representative FM demonstratiag tine amplitude of the mean
EPSC at +40 mV is reduced in the presence of AF3B (M, grey) compared
to control (black).

I/V relationship in the presence of AP-5 (1001) generated from the mean
EPSC amplitude (without failures) at each potenfral= 4 FMs, with an
average of a minimum of 10 EPSCs at each potantedch cell).
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Ifenprodil is an NMDA glutamate receptor antagoritst has approximately 400-
fold higher affinity for NR1A/NR2B than NR1A/NR2Aeceptors in Xenopus
oocytes (Williams 1993). Ifenprodil was used tosess the contribution of
NR1A/NR2B receptors to EPSCs in FMs. Figure 5.5RAws a control mean EPSC
recorded from a FM voltage-clamped at —70 mV amrdntiean EPSC in the presence
of NBQX (20 uM). In the example shown NBQX (2@M) causes a reduction in
EPSC amplitude from —58 pA to —28 pA, a reductiérb® %. The mean control
EPSC amplitude from 5 representative FMs at —70wa¥ —48 + 6 pA and this was
reduced to —12 + 6 pA in the presence of NBQX {RQ P = 0.0014, n = 5, paired t
test). This represents a significant reduction/by+ 10 % (P = 0.0015, n = 5, one

sample t test).

Having blocked AMPA/kainate glutamate receptordwiiBQX (20uM), Mg?*-free
ACSF was applied to remove the Mdplock of NMDA glutamate receptors. In the
FM shown in Figure 5.12B, removal of external #gevealed an EPSC with an
amplitude of —47 pA which was reduced to —19 pAhia presence of ifenprodil (10
uM). The mean EPSC amplitude recorded in’Mgee external solution, in the
presence of NBQX (2QM) at —70 mV was significantly increased to —30 p%s (P

= 0.0057, n =5, pairetitest). This was reduced to —12 + 3 pA in the gmes of
ifenprodil (10uM), representing a significant reduction in EPS(pbtude by 57 + 8
% (P = 0.0022, n = 5, one sampl¢est). These data indicate that NR1A/NR2B
receptors make a significant contribution to symaptansmission in FMs at the

synapses tested.
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Figure 5.12. Effect of ifenprodil on EPSC amplitue in FMs in Mg**-free ACSF
and in the presence of NBQX.

A.

Representative mean EPSCs obtained from a Fag®lclamped at -70 mV
demonstrating that the mean EPSC amplitude is esHuc the presence of
NBQX (20 uM, grey) compared to control (black). The arrowigates the —
120 pA level.

Representative mean EPSCs obtained from the B&ineoltage-clamped at -
70 mV demonstrating that in the presence of NBQR (&1), removal of
external Mg" reveals an EPSC. The amplitude of this EPSCdsaed in the
presence of ifenprodil (1AM, grey) compared to control (black). The arrow
indicates the —100 pA level.
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5.4 Discussion

5.4.1 Excitatory synaptic transmission in the facial nucleus

Stimulation close to the dendrites of a FM voltatgmped at -70 mV evoked inward
currents with fast kinetics consistent with actieatof postsynaptic glutamatergic
receptors and previous findings that glutamate éssitatory actions on FMs

(VanderMaelen and Aghajanian 1980). It was alsssble to evoke EPSPs when
the FM was held in the current-clamp configuratidtrgwever, the subsequent

characterisation of these synapses was performée inoltage-clamp configuration.

5.4.2 Number of release sites activated

Stimulation evoked EPSCs that showed amplitudetdations and whether these
fluctuations occurred as a result of quantal releasone synapse or activation of
multiple synapses was investigated further. EP8C&Ms were evoked by a
stimulation paradigm based on minimal stimulatiGtagstad, Storm et al. 1992).
The original criteria for minimal stimulation wakat release failed at a rate of
approximately 50 % and that the EPSC amplitude neethtonstant at a range of
stimulus intensities (until it was increased ovére tthreshold for minimal
stimulation), however, this has been modified sat the stimulus intensity applied
results in the lowest possible failure rate with@ausubsequent increase in mean
EPSC amplitude above that observed with a 50 %réailate (Raastad, Storm et al.
1992; Lawrence, Grinspan et al. 2004). In FMs #tinulus intensity was
determined by first identifying a functional synapsith a relatively high stimulus,

the stimulus was then turned to its lowest setind gradually increased until an
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EPSC was observed. The stimulus intensity was ith@eased until the failure rate
was at its minimum (approximately 25 %) without atvggg an increase in the mean
EPSC amplitude (Lawrence, Grinspan et al. 2004 thése intensities EPSCs were
evoked with discrete amplitude reminiscent of qahreélease at the neuromuscular
junction and some central synapses (for reviewg(kkaao 1971; Tremblay, Laurie

et al. 1983)). Traditionally, cumulative probatyilhistograms of EPSC amplitude
would be generated to analyse whether quantalselram a single release site (or
several identical sites) is occurring or whethdease is from several sites with
different quantal contents. However, in the expents described here the
stimulation was only applied once every 20 secdndsnsure no synaptic plasticity
occurred and the cumulative probability histogrageserated from the number of

events recorded could not be used to reliably ptede number of release sites.

Paired pulse analysis can be a useful tool in oetéeng whether minimal

stimulation is only activating one synapse if theswanption is made that each
synapse has only a single release site (Stevengvand 1995). At a single synapse
paired pulse facilitation of mean EPSCs occurs &essalt of release probability of
the second stimulation being greater than the (irstught to be due to the residual
Cd”" in the terminal). As the same amount of neurstmgtter is release following

both these stimuli the lower mean amplitude of fir EPSC is only due to the
higher failure rate. Thus, at a single synapsaokal of failures results in the first
and second mean EPSCs being of equal amplitudeef@&eand Wang 1995). If
multiple synapses are being stimulated then theliardp of the second pulse (even

in the absence of failures) will be greater thanfilst. This occurs as a result of the
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probability of release following the second pulssnlg high (due to the residual

cd™") in a larger proportion of the synapses (StevewsVdlang 1995).

In the FMs tested, some demonstrated the pairexe gubperties of single synapses
whereas in others more than one synapse was cleaihg stimulated. Identical

stimulation paradigms were used in all FMs sugggstihat where multiple synapse
involvement was demonstrated it is likely that oryfew synapses would be

activated.

The EPSCs recorded at the single synapses identifie paired pulse analysis
showed amplitude fluctations providing evidencepsuping the release of multiple
guanta at a single central synapse (Sastry anda®haga 1996; Auger and Marty

2000; Stevens 2003).
5.4.3 AMPA/kainate receptors contribute to EPSCs

Control EPSCs were sensitive to block by NBQX iadiltg a role for non-NMDA
glutamate receptors in fast excitatory synaptiadnaission in FMs. Several non-
NMDA antagonists have affinity for both kainate aAPA glutamate receptors
and cannot be used to distinguish between the wvest of receptors. NBQX is
more potent at AMPA receptors @&= 0.15uM assessed by rat cortical membrane
radioligand binding assays) than at kainate reespii€so = 4.8 uM) (Sheardown,
Nielsen et al. 1990), however, at the concentratised in these experiments (20
uM) it is likely that kainate receptors would alse $ignificantly blocked and could

also contribute to EPSC in FMs.
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5.4.4 GIuR2 receptor contribution to EPSCs

GluR2 receptors are the most abundantly expres$#@AAglutamate receptors and
are highly expressed in all cranial motonuclei (tarBlackstone et al. 1993). The
lack of inward rectification of the I/V relationghobtained in the presence of AP-5
(to block the NMDA receptor contribution) indicatdsat receptors containing the
edited form of the GIuR2 receptor subunit contrgbid EPSCs in FMs (Sato,
Kiyama et al. 1993). However, the inward rectifica of non-GluR2 containing
AMPA glutamate receptors is dependent on a blockintsacellular polyamines
(such as spermine and spermidine) (Donevan andw&gd 995). As polyamines
were not added to the intracellular solution, tieysgis of intracellular polyamines
during whole cell recordings cannot be ruled outadsctor in the lack of inward

rectification.
5.4.5 NMDA receptors are present in FMs

The contribution of NMDA receptors to EPSCs in Fivas investigated. NMDA
receptors are blocked by extracellular #igt typical resting membrane potentials
(and more hyperpolarised potentials). WhenMgas removed from the ACSF or
the FM was voltage-clamped at depolarised potenttae Md* block was reduced
and an EPSC was revealed. This EPSC was sensitibdock by the selective
NMDA receptor antagonist, AP-5. Activation of nbiMDA receptors can
depolarise the postsynaptic membrane sufficierdlyremove the Mg block of
NMDA receptorsn vivo and the data obtained here indicates the presdrid¢®IDA
receptors at all the synapses tested. Both NMDA aon-NMDA glutamate

receptor subtypes are expressed in FMs and thepdaxtaded here further supports
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the involvement of both NMDA and non-NMDA recept@tsexcitatory synapses in

the FMN.

NMDA and non-NMDA glutamate receptor activationnsolved in the majority of
fast excitatory synaptic transmission in the manemaCNS and has been shown to
mediate synaptic transmission in several motoreiotviewed in (Rekling, Funk et
al. 2000)). NMDA and non-NMDA glutamate recepttidve been shown to co-
localise at synapses in hypoglossal motoneuron&3riéd, Isaacson et al. 1997).
However, one characterisation of glutamatergic ftspuinto hypoglossal
motoneurones concluded that only non-NMDA glutanrateeptors mediate EPSCs
in these cells (Bouryi and Lewis 2003). It is wortoting that the contribution of
NMDA receptors was only assessed in motoneurondagesclamped at —70 mV
(Bouryi and Lewis 2003). At this potential NMDAujamate receptors would be
blocked by extracellular Mg, therefore AP-5 would not be expected to reduee th

EPSC amplitude.
5.4.6 NR2B receptor contribution to EPSCs

The NMDA glutamate receptor mediated EPSC in FMs wartially blocked by
ifenprodil. Ifenprodil has 400-fold higher affigiftor NR1/NR2B receptors over
NR1/NR2A receptors and at the concentration used (teuM) selectively blocks
NR2B containing receptors (Reynolds and Miller 19&Williams 1993). The
presence of NR1/NR2B receptors in neonatal rat FMconsistent with the
developmental pattern of NMDA receptors (Wenzelitsehy et al. 1997). In
neonatal rats the predominant NMDA receptor suluaie NR1, NR2B and to a

lesser extent, NR2D (Wenzel, Fritschy et al. 1997n juvenile and adult rat
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brainstem the predominant subunits are NR1, NRZANIR2D (Wenzel, Fritschy et
al. 1997). The data presented here confirms th&ibation of NR2B subunits and it
is proposed that the residual current that is tatked by ifenprodil is mediated by
NR1/NR2D receptors. A developmental change in NMDQWtamate receptor
composition is also demonstrated in the trigemmator nucleus where the number
of NR2B expressing neurones decreases between agpalstdays 3-4 and 11,

however, NR2D expression was not assessed inticisus (Turman JE 2002).

5.5 Concluding statement

This chapter provides a characterisation of exaiyatsynaptic transmission in
neonatal rat FMs, the nature of which was previpusknown. Transmission at the
synapses tested involved the activation of both-MMDA and NMDA glutamate

receptors. In addition, the minimal stimulatiorofmcol utilised in this chapter
enabled both single and multiple synapses to barded and identified using paired
pulse analysis. The findings of this chapter walisist the interpretation of
subsequent investigations into synaptic integraitioitme FMN and its modulation by

monoamines.
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Chapter 6
6.1 Introduction

6.1.1 Effects of 5-HT on synaptic transmission

5-HT is generally accepted to promote FM excit&pilhrough postsynaptic actions
and Chapters 3 and 4 of this thesis investigatenteehanisms underlying this
excitability and the receptors that mediate thdfeces of 5-HT (VanderMaelen and
Aghajanian 1980; Vandermaelen and Aghajanian 188%kman, Penington et al.
1989). However, the effect of 5-HT on fast exadtgtsynaptic transmission has not
previously been investigated. Pre-synaptic effeftb-HT are the focus of this

chapter.

6.1.2 Direct inhibitory effect of 5-HT

The inhibitory actions of 5-HT are mediated by aation members of the 5-HT
subfamily (5-Hhaspe and 3. The 5-HT receptors are negatively coupled to
adenylate cyclase through; @roteins, however, it has become apparent that the
hyperpolarisation induced by 5-Hreceptor activation in central neurones involves
a direct action of @y subunits on inwardly rectifying potassium ‘jKchannels

(Andrade, Malenka et al. 1986; Colino and Halliwi9iB7).

6.1.3 Inhibition of neurotransmitter release by 5-HT

In addition to a postsynaptic hyperpolarisation, several 5-HTreceptor subtypes
can also modulate neurotransmitter release thrqugbBynaptic mechanisms. 5-
HT1a, 5-HTig and 5-HTp presynaptic autoreceptors have been shown to inihiéi

release of 5-HT from the nerve terminal (Barnes &hdrp 1999).
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Some regions which have high levels of 5:klbinding sites do not express 5-HT
receptor MRNA (such as the substanita nigra anouglpallidus) suggesting that the
receptors are located presynaptically in theseoresgand function as heteroreceptors
to modulate release of other neurotransmitters ftbennerve terminal (Bruinvels,
Landwehrmeyer et al. 1994; Barnes and Sharp 1999ndeed, 5-HTg
heteroreceptors inhibit glutamate release from phesynaptic terminal in the
subiculum, cingulate cortex and hypoglossal motacleus (Bobker and Williams
1989; Tanaka and North 1993; Boeijinga and Bodd&8®@6; Bouryi and Lewis

2003).

The identification of 5-HTa receptor mRNA in the facial nucleus and the evigen
for functional 5-HEa and 5-HTg heteroreceptors in the hypoglossal motor nucleus
prompted an investigation into the role of thesgeptor subtypes in the inhibitory
actions of 5-HT in the facial nucleus using subtgpkective agonists and antagonists

(Pompeiano, Palacios et al. 1992; Bouryi and L&0i33).

6.1.3 Aims

The aim of this chapter was to investigate the ctffef 5-HT on synaptic
transmission. The initial experiments revealed B&T application resulted in a
decrease in the mean evoked EPSC amplitude. ftiisitory action of 5-HT was in
contrast to the known excitatory postsynaptic agtiof 5-HT on FMs (see Chapters
3 and 4) and was therefore investigated furtherphArmacological approach was
used to determine that 5-kilreceptors mediate this inhibitory action of 5-Hida
analysis of the failure rate, paired pulse ratid f)equency of spontaneous release

was used to determined that this action occursypeggically. Thus it was
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determined that 5-HT reduces glutamate release ftloen presynaptic terminal

through activation of 5-Hik receptors.

6.2 Results

6.2.1 5-HT reduces EPSC amplitude

Application of 5-HT (10uM) reduced the mean EPSC amplitude in a representat
FM from —31 pA to —4 pA (Figure 6.1). This redwoctiin EPSC amplitude was
coupled with a change in the holding current of pA3mediated by the postsynaptic
effects of 5-HT (Chapter 3 and 4). The mean corESC from a sample of 16
FMs was —40 £ 5 pA and this was reduced to —13A 21 the presence of 5-HT (10
uM). This represents a significant reduction tox36 % of the control (n = 16, P <
0.0001, one sampletest, Figure 6.4). The average inward currenkegidoy 5-HT
(10 uM) in these FMs was —117 + 20 pA (n = 16). In mhaority of neurones tested
this inhibition of EPSC amplitude by 5-HT was resible and further
pharmacological experiments were only performedFbis in which the EPSC fully

recovered from 5-HT inhibition.
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B. 5-HT

Figure 6.1. 5-HT reduces EPSC amplitude in faciahotoneurones.
A. Mean control EPSC (average of 18 EPSCs includiailgires) from a facial
motoneuron voltage-clamped at —70 mV. The arrosicates the —130 pA

level.

B. Mean EPSC (average of 24 EPSCs including fahiréemonstrating that 5-
HT (10 uM) reduces the mean EPSC amplitude compared toatdA). The
arrow indicates the —200 pA level.
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6.2.2 5-HT receptor subtypes mediating reduction in EPSC amplitude

The 5-HT receptor subtype that mediates the redlucthn EPSC amplitude was
investigated using receptor subtype selective ag®m@nd antagonists. The 5-HAT
and 5-HT receptors were focussed on due to their inhibit@ture and the finding
that activation of these receptors mediates a teduen EPSC amplitude in rat

hypoglossal motoneurones (Bouryi and Lewis 2003).

6.2.3 Subtype selective 5-HTyg receptor agonist reduces EPSC
amplitude

In a FM in which 5-HT (1QuM) reduced the mean EPSC amplitude from —34 pA to
—7 pA (reduced to 21 % of control), bath-applicatidrthe 5-HT g receptor selective
agonist, CP93129 (1@M) (Macor, Burkhart et al. 1990), reduced the EPSC
amplitude from —34 pA to -9 pA (reduced to 26 % ohtcol, Figure 6.2). In a
sample group of FMs CP93129 (iitM) application resulted in a reduction in EPSC
amplitude from —22 + 5 pA to -4 + 2 pA (n = 6). iFhrepresents a significant
reduction to 20 + 6 % of the control (n = 6, P <00, one sampletest, Figure 6.4).

In the same FMs the mean control EPSC was —30pgAland this was reduced to —
16 + 9 pA in the presence of 5-HT (1), representing a significant reduction to
33 £ 9 % of control (n = 6, P = 0.017, one santplest). The reduction in EPSC
amplitude by CP93129 (10M) was not significantly different to the reductiam
amplitude observed following 5-HT (4M) application (P = 0.27, unpairédest).
Partial recovery (to 44 = 15 % of control EPSC atogie) was observed in 4 of the
neurones tested, however this may have been irtelaa longer period of wash out

had been allowed.
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Figure 6.2. CP93129 reduces EPSC amplitude in fatimotoneurones.

A. Mean control EPSC (average of 10 EPSCs includaiyres) from a FM
voltage-clamped at —70 mV. The arrow indicates+th20 pA level.

B. Mean EPSC (average of 10 EPSCs including faludemonstrating that the
5-HT;g receptor agonist, CP93129 (i®), reduces the mean EPSC amplitude
compared to control (A). The arrow indicates th&6-pA level.
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As expected the reduction in EPSC amplitude obseirvéhe presence of CP93129
(10 uM) was not coupled with a large postsynaptic inmemdent (-7 = 16 pA, n =
6), whereas 5-HT (1QM) evoked an inward current of —107 + 19 pA in gane

FMs (n =6, P =0.0076, pair¢dest).

Application of the 5-HT, receptor selective agonist, 8-OH-DPAT (10M)
(Arvidsson, Hacksell et al. 1981; Peroutka 1983 ho effect of EPSC amplitude
in the FM shown in Figure 6.3 (-23 pA and —24 pAaipsence and presence of 8-
OH-DPAT, respectfully). In the same FM, 5-HT (1) reduced the EPSC
amplitude from —44 pA to —13 pA (reduced to 30 %caohtrol). In a sample group
of FMs 8-OH-DPAT (1QuM) caused only a very small reduction in EPSC aiagé
from —25 + 1 pAto —-21 £ 2 pA (n = 3). This repeats a non-significant reduction
to 85 + 9 % of the control (n = 3, P = 0.23, one glam test, Figure 6.4). In the
same FMs the mean control EPSC was —47 = 10 pAlasdvas reduced to —16 + 8
pA in the presence of 5-HT (1M), representing a significant reduction to 30 + 11
% of control (n = 3, P = 0.02, one sampkest). The reduction in EPSC amplitude
mediated by 5-HT was significantly greater thant tbhserved following 8-OH-
DPAT application (n = 3, P = 0.018, pairetést). In addition, 8-OH-DPAT (1,0M)

did not evoke a large inward current (-10 £ 22 pAs 3), whereas 5-HT (10M)
evoked an inward current of =77 £ 42 pA in the sdfivs. The 5-HTg receptor
agonist, CP93129 (10M), but not the 5-HTa receptor agonist, 8-OH-DPAT (10

uM), reduced EPSC amplitude to a similar degree aBIT5 (10 upM).
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Figure 6.3. 8-OH-DPAT does not affect EPSC amplite in facial
motoneurones.

A.

B.

Mean control EPSC (average of 10 EPSCs includailyires) from a FM
voltage-clamped at —70 mV. The arrow indicatesH{h@ pA level.

Mean EPSC (average of 10 EPSCs including faludemonstrating that the
5-HTya receptor agonist, 8-OH-DPAT (10M), has no effect on the mean
EPSC amplitude. The arrow indicates the —73 pA&llev
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Figure 6.4. Summary of effects of 5-HT receptor selective agonists on EPSC
amplitude.

Bar chart summarising the reduction in EPSC anmgbditin the presence of 5-HT (10
uM, n = 16), the 5-H7g selective agonist, CP93129 (LM, n = 6) and the 5-Hi}
selective agonist, 8-OH-DPAT (1M, n =3). A minimum of 10 EPSCs were
obtained from each FM under control conditions amthe presence of the agonist.
Statistical significance was assessed by a onelsangst (*** P<0.0001).
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6.2.4 Subtype selective 5-HT,g receptor antagonist blocks reduction in

EPSC amplitude

Figure 6.5 demonstrates the effects of the 3gH€ceptor antagonist, isamoltane (1
uM) (Waldmeier, Williams et al. 1988). In an exaefiM voltage-clamped at —70
mV, 5-HT (10uM) reduced the mean EPSC amplitude from —66 pA2tbpA under
control conditions, corresponding to a reduction3® % of control. Following
incubation with isamoltane (1:M), co-application of 5-HT (10uM) with the
antagonist reduced the ESPC from —34 pA to —26 Plis represents a reduction to
only 76 % of control. In a representative groug-tfs, 5-HT (10uM) reduced the
EPSC amplitude from —41 + 11 pA to —14 + 4 pA (B)= Thus, in these FMs, 5-HT
(10 uM) causes a significant reduction in EPSC amplitted80 + 10 % of control (n
=5, P = 0.0023, one samgl¢est). The mean EPSC following recovery from 5-HT
was —38 + 12 pA in amplitude and was not signiftbaaltered by incubation with
isamoltane (—33 + 13 pA, n =5, P = 0.24, paireskt). In the continued presence of
the antagonist, 5-HT (10M) reduced the EPSC amplitude from —33 £ 13 pA26 —
+ 7 pA (n = 5). This represents a reduction in ER8nplitude to 64 + 10 % of
control (n =5) and although this still representgnificant reduction by 5-HT (P =
0.024, one sample t test), it is significantly I¢ésan the reduction observed under

control conditions (n =5, P = 0.0058, paitddst, Figure 6.5).
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B. Isamoltane + 5-HT 10 ms

Figure 6.5. Isamoltane blocks the reduction in ERS amplitude by 5-HT in
facial motoneurones.

A.

Mean EPSC (average of 10 EPSCs including fasluire the presence of the 5-
HT,g receptor antagonist, isamoltaneufdl) from a FM voltage-clamped at —

70 mV. The arrow indicates the —300 pA level.

Mean EPSC (average of 12 EPSCs including faluia the presence of

isamoltane (1uM) and 5-HT (10uM) from the same motoneurone as (A).
Note that the arrow indicates the —400 pA levettsinward current evoked

by 5-HT is not blocked.
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In the presence of isamoltane (1), 5-HT (10 uM) evoked a postsynaptic inward
current of -71 £ 14 pA which was not significantlifferent from the inward current
of -77 £ 26 pA evoked by 5-HT under control comatis (n = 5, P = 0.57, paired

test).

Figure 6.6 demonstrates the lack of effect of tHeTsa receptor antagonist, WAY
100635 (1uM) (Critchley, Childs et al. 1994). In an examjpl®l voltage-clamped
at =70 mV, 5-HT (1QuM) reduced the mean EPSC amplitude from —28 pAlid —
pA under control conditions, corresponding to audtdn to 36 % of control.
Following incubation with WAY 100635 (M), co-application of 5-HT (1QuM)
with the antagonist reduced the ESPC from —22 pA4@A. This represents a
reduction to 18 % of control, which is similar teethontrol response. In a sample
group of FMs, 5-HT (1@M) reduced the EPSC amplitude from —31 + 5 pA tat-9
0.4 pA (n = 3). Thus, in these FMs, 5-HT (@) causes a significant reduction in
EPSC amplitude to 31 £ 5 % of control (n =3, P =0@®) one sampletest). The
same group of FMs were then incubated with WAY BB@LuM), following which
5-HT (10 uM) was co-applied with the antagonist. The mearSERamplitude
before and after incubation with WAY 100635 (1) was —24 + 4 pA and —-18 + 2
PA, respectively (n = 3, not significantly diffeter? = 0.20, paired test). In the
presence of WAY 100635 (M) 5-HT (10 uM) reduced the EPSC to -4 £ 2 pA (n
= 3). This represents a significant reduction RSE amplitude to 20 + 8 % of
control (n = 3, P = 0.0092, one samptest) which is also not significantly different
to the reduction observed under control conditioms= 3, P = 0.14, pairettest,

Figure 6.6).

182



A. WAY 100635

.

—>

vd 0g

B. WAY 100635 +5-HT 10 ms

Figure 6.6. WAY 100635 has no effect on the reduch in EPSC amplitude by
5-HT in facial motoneurones.

A.

Mean EPSC (average of 10 EPSCs including fasluire the presence of the 5-
HT,a receptor antagonist, WAY 100635 (M), from a FM voltage-clamped
at =70 mV. The arrow indicates the —40 pA level.

Mean EPSC (average of 12 EPSCs including fashirethe presence of WAY
100635 (1uM) and 5-HT (10uM) from the same motoneurone as (A). Note
that the arrow indicates the —140 pA level so tiveard current evoked by 5-
HT is not blocked.
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Under control conditions 5-HT (10M) evoked a postsynaptic inward current of -
102 + 8 pA which was not significantly differenbfn the inward current of -109 +
19 pA evoked by 5-HT in the presence of WAY 10063%uM, n = 3, P = 0.81,

pairedt test).

6.3 Mechanism for reduction in EPSC amplitude

5-HT,g receptors can function as heteroceptors to moeltie release of glutamate
from the presynaptic terminal, however 5-ldTreceptors can also act at the
postsynaptic membrane (Bobker and Williams 198%ijdwga and Boddeke 1993;
Boeijinga and Boddeke 1996). The finding that S T,5 agonist does not evoke
any postsynaptic responses suggests the receptdratese its effect through
presynaptic mechanism and this possible locatioB-HifT,g receptors in the FMN

was investigated using three different techniques.

6.3.1 Activation of 5-HT;5 receptors increases failure rate

Analysis of the rate of failure to generate an EPCresponse to minimal
stimulation under control conditions and in thegerce of 5-HT receptor agonists
was performed. The response to a minimum of temusitwere obtained from each
FM under control conditions and in the presenceawth agonist. In the absence of
5-HT, stimulation failed to produce an EPSC atta od 25 + 5 % in each neurone (n
= 18, Figure 6.7). In the presence of 5-HT (M) this failure rate was significantly
increased to 65 + 7 % (n = 16, P < 0.0001, unpdiredt, Figure 6.7). Similarly,

following application of the 5-Hig receptor subtype selective agonist, CP93129
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Figure 6.7. Summary of effects of 5-HT receptor selective agonists on EPSC
failure rate.

Bar chart summarising the rate of failure to evakeEPSC under control conditions
and in the presence of 5-HT (M, n = 16), the 5-H7g selective agonist, CP93129
(10 uM, n = 6) and the 5-Hil selective agonist, 8-OH-DPAT (1M, n =3).
Minimums of 10 stimuli were applied to each FM undentrol conditions or in the
presence of the agonists. The failure rates inptiesence of 5-HT (1Q@M) and
CP93129 (1QuM) were significantly higher than under control ddgrons. Statistical
significance was assessed by an unpditest (*** P<0.0001).
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(10 uM), the failure rate was significantly increased®®+ 6 % (n = 6, P < 0.0001,

unpaired test, Figure 6.7).

The increase in failure rate mediated by CP93129 @t significantly different
from the increase in failures observed followingHd- application (P = 0.07,
unpairedt test). In contrast the 5-HA receptor subtype selective agonist, 8-OH-
DPAT (10uM), did not significantly increase the failure rd89 =+ 3 %, n = 3, P =

0.23, unpaired test, Figure 6.7).

6.3.2 5-HTg receptor activation changes the paired pulse ratio

The ratio between two EPSCs evoked close togetheratso provide insight into
whether modulation of the EPSC is due to a prepast-synaptic effect. As
described in Chapter 5 when two EPSCs are evokeds@part in FMs, the second
EPSC is larger in amplitude than the first (terrpaded pulse facilitation). The ratio
between the amplitude of these two EPSCs is theeghgiulse ratio (ppr = EPSC
2/[EPSC 1). It is widely accepted that change$iénpaired pulse ratio are indicative
of a presynaptic mechanism (Stuart and Redman 19%F) effect of 5-HT on the
ppr for glutamatergic EPSCs in FMs was investigatédgure 6.8A shows the mean
control EPSC (with failures) recorded from a repraative FM voltage-clamped at —
70 mV. The paired pulse ratio under these condtizvas 1.6. Figure 6.8A also
demonstrates that application of 5-HT reduces tkammamplitude of both EPSCs.
Under control conditions the amplitude of EPSC & wa8 pA and in the presence of
5-HT (10 uM) it was reduced to -5 pA (a reduction to 15 % ohteol). The
amplitude of EPSC 2 was -52 pA and was reduced5opA in the presence of 5-HT

(10 uM, a reduction to 29 % of control).
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Figure 6.8. Effect of 5-HT on paired pulse ration facial motoneurones.

A.

Mean EPSCs (minimum of 10 EPSCs with failurexjorded from a facial
motoneuron voltage-clamped at —70 mV under contarditions (black)
demonstrating that when two stimuli are evoked eltugether (50 ms apart)
the second mean EPSC is larger in amplitude tharfidt. In the presence of
5-HT (10uM, grey) both mean EPSCs are reduced in amplitaoegever the
paired pulse ratio (ppr) is increased. The armavcates the —140 pA level.
Identical mean EPSCs as (A) except that theetodtained in the presence of
5-HT (10 uM, grey) has been scaled up so that the first EP8@®r each
condition are equal in amplitude. Note that theosd EPSC is relatively
larger in the presence of 5-HT. The arrow indisdate —120 pA level for the
control response. The baseline for the scaled 5fEl§ponse has been
compensated for comparison.

Identical mean EPSCs as (A) except that thes tadatained in the presence of
5-HT (10uM, grey) has been scaled up so that the second £RBB6¢der each
condition are equal in amplitude. Note that tistfEPSC is relatively smaller
in the presence of 5-HT. The arrow indicates th20pA level for the control
response. The baseline for the scaled 5-HT respoas been compensated for
comparison.
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In the presence of 5-HT (14aM) the paired pulse ratio was increased to 3.0is Th
was coupled with an inward current of —58 pA dudh® previously characterized
postsynaptic effects of 5-HT (Chapters 3 and #)orlder to demonstrate this change
in paired pulse ratio the amplitude of tieEPSC obtained in the presence of 5-HT
was scaled up to the same amplitude as theohtrol EPSC. Note that the holding
current for the scaled up traces in the presen&HT were compensated for so that
they were approximately equal to the control haldaurrent. Figure 6.8B shows
that when this was done the second mean EPSC iprdsence of 5-HT is larger
than control. The scaled up traces also illustitzé 5-HT does not alter the kinetics
of the EPSC. Similarly, Figure 6.8C demonstratest twvhen the EPSCs in the
presence of 5-HT (1QM) are scaled up so that the second mean EPSEsjaat in
amplitude, the first mean EPSC in the presenceleT s smaller than control. The
mean paired pulse ratio under control conditions vigb = 0.1 and this was
significantly increased to 2.3 + 0.2 in the presen¢ 5-HT (10uM, n = 8, P =
0.0081, paired test). These data and Figure 6.8 demonstrateatiication of 5-
HT (10 uM) changes the paired pulse ratio supporting tlggestion that 5-HT has a

presynaptic action in the FMs tested.

Figure 6.9A shows the mean EPSCs from another Fiéhg®-clamped at —70 mV.
The paired pulse ratio under control conditions a8 As shown previously,
application of the 5-Hijg receptor agonist, CP93129 (1), reduces the mean
amplitude of both EPSCs. Under control condititres amplitude of EPSC 1 was -
33 pA and in the presence of CP93129 M) it was reduced to —9 pA (a reduction

to 27 % of control).
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Figure 6.9. Effect of CP93129 on paired pulse ratiin facial motoneurones.

A.

Mean EPSCs recorded from a facial motoneurotagetclamped at —70 mV
under control conditions (black) demonstrating thdten two stimuli are
evoked close together (50 ms apart) the second rBEBIC is larger in
amplitude than the first. In the presence of CR93(IL0uM, grey) both mean
EPSCs are reduced in amplitude. The arrow indscie —125 pA level.
Identical mean EPSCs as (A) except that theetodtained in the presence of
CP93129 (1M, grey) has been scaled up so that the peak dfr8ieEPSCs
under each condition are equal in amplitude. Nb& the second EPSC is
relatively larger in the presence of CP93129. aimew indicates the —100 pA
level for the control response. The baseline lier scaled CP93129 response
has been compensated for comparison.

Identical mean EPSCs as (A) except that thes tadtained in the presence of
CP93129 (1QuM, grey) has been scaled up so that the second &R8der
each condition are equal in amplitude. Note thatfirst EPSC is relatively
smaller in the presence of CP93129. The arrowcatds the —100 pA level for
the control response. The baseline for the sc@R@3129 response has been
compensated for comparison.
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The amplitude of EPSC 2 was -94 pA and was redted7 pA in the presence of
CP93129 (1M, a reduction to 50 % of control). In the preseat&-HT (10uM)
the paired pulse ratio was increased to 5.3. CP®310 uM) did not alter the
holding current (-129 pA and —122 pA in the abseand presence of CP93129,
respectively). As for the 5-HT response, the taobtained in the presence of
CP93129 (1QuM) were scaled up so that the mean EPSCs were eqgaatplitude.
Figure 6.9B demonstrates that when the EPSCs iprésence of CP93129 (1M1)
are scaled up so that the first mean EPSCs ard egamplitude, the second mean
EPSC in the presence of CP93129 is larger tharraonSimilarly, Figure 6.9C
demonstrates that when the EPSCs in the presericél®f(10uM) are scaled up so
that the second mean EPSCs are equal in amplitbdefirst mean EPSC in the
presence of CP93129 is smaller than control. Tleanmpaired pulse ratio under
control conditions was 2.2 + 0.2 and in the presesfdcCP93129 it was 5.2 + 2.1 (n =
6). Although there is an increase in the pairddetatio in the presence of CP93129
the data is not significantly different (P = 0.péjredt test), and it is speculated that
this may be due to the large variation in the ghpalse ratio within this group of

FMs.

As discussed previously, the 5-FATreceptor agonist, 8-OH-DAPT (1&M), does
not alter the amplitude of the first EPSC. In presentative FM the first EPSC was
-23 pA and —-24 pA in amplitude in absence and pes®f 8-OH-DAPT (1QuM),
respectively (Figure 6.10). The amplitude of trecad EPSC under control
conditions was —37 pA and —38 pA in the presencgOH-DPAT (10uM, Figure

6.10).
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Figure 6.10. Effect of 8-OH DPAT on paired pulseatio in facial motoneurones.
Mean EPSCs recorded from a FM voltage-clamped & ¥ under control
conditions (black) demonstrating that when two stirare evoked close together (50
ms apart) the second mean EPSC is larger in ardplituan the first. In the presence
of 8-OH-DPAT (10uM, grey) both mean EPSCs are similar in amplituweadntrol.
The arrow indicates the —80 pA level.
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Thus, the paired pulse ratio was unchanged in tegepce of 8-OH-DPAT (10M,
1.6 in both the presence and absence of agonpiyd-i6.10). The mean control
paired pulse ratio was 1.5 £ 0.1 and was 1.4 #rOthe presence of 8-OH-DPAT (10

uM) (n = 3, P = 0.24, pairettest).

6.3.3 Activation of 5-HT3g receptors alter spontaneous release

frequency

Analysis of the frequency and amplitude of spontarseEPSCs can also be used to
determine whether an effect occurs through a prepast-synaptic mechanism.
Spontaneous or miniature (mini) EPSCs were recohaed FMs in the presence of
tetrodotoxin (TTX 0.3uM) to block action potential dependent-transmiteease.
Thus mini EPSCs are mediated by spontaneous retéasmurotransmitter from the
presynaptic terminal. A change in mini EPSC amdkt is thought to be due to a
postsynaptic effect, whereas a change in the freqyuat which these spontaneous
events occur is due to a presynaptic mechanismgur&i6.11 shows sample traces
from a representative FM demonstrating that frequesf mini EPSCs are reduced
in the presence of 5-HT (10M). Figure 6.12A shows a cumulative probability
histogram of inter-event interval, which corresp®nd mini EPSC frequency. In
this FM the control frequency was 4.7 eventsad this was reduced to 3.2 events s
Yin the presence of 5-HT (1eM). This represents a significant reduction in
frequency (P = 0.01, assessed by the Kolmogorovgwitwo sample test). Figure
6.12B shows the cumulative probability histogrammohi EPSC amplitude. In this

FM the control amplitude was -89 = 2 pA (n = 13%&ms) and the amplitude
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Figure 6.11. 5-HT reduces the frequency of miniane EPSCs in facial
motoneurones.

A. Control recording from a representative motooneuvoltage-clamped at —70
mV in the presence of TTX (0.aM). The downward deflections are
miniature EPSCs. The arrows indicate the —43 pAlle

B. Recording from the same motoneuron as A foll@aapplication of 5-HT (10
uM). The frequency of miniature EPSCs is reduc€de arrows indicate the —
150 pA level.
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Figure 6.12. Cumulative probability histograms ofEPSC frequency and
amplitude in facial motoneurones.

A.

Cumulative probability histogram of the interemt interval (corresponding to
frequency) of miniature EPSCs from a representath@oneuron (sample
traces shown in Figure 6.11). The EPSC frequesacsignificantly lower in
the presence of 5-HT (10M, grey, P = 0.01, Kolmogorov-Smirnov two
sample test).

Cumulative probability histogram of miniature &P amplitude from a
representative motoneuron (sample traces shownigord- 6.11) voltage-
clamped at —70 mV. The EPSC amplitude is not 8aamitly changed in the
presence of 5-HT (1QM, grey, P = 0.26, Kolmogorov-Smirnov two sample
test).
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following 5-HT (10uM) application was not significantly different &7-+ 2 pA (n
= 730 events, P = 0.26, Kolmogorov-Smirnov two skmgest). As shown
previously, bath application of 5-HT (10M) also evoked an inward current of —107
PA due to its postsynaptic mechanisms. In a samap of FMs the frequency of
mini EPSCs was significantly reduced from 3.1 + @gents ¢ under control
conditions to 2.0 * 0.7 events ¢ the presence of 5-HT (1M, n = 3, P = 0.02,
pairedt test). In the sample group of FMs the amplitufimimi EPSCs was 69 11
pA under control conditions and 55 + 6 pA in theegence of 5-HT (1@M),
representing a non-significant effect (n = 3, P.860 pairedt test). The rise times
for mini EPSCs were not significantly altered byi%-(10 uM) and were 4.5 + 0.2
ms and 5.5 + 0.4 ms, in absence and presence af, eldpectively (n = 3, P = 0.12,
pairedt test). In addition, the decay times for mini ERS&re also not significantly
affected by 5-HT (1@M) and were 19.0 £ 1.3 ms and 19.4 + 1.8 ms, seabe and
presence of 5-HT, respectively (n = 3, P = 0.31rgpld test). Thus, 5-HT (1QM)
significantly reduces the frequency of mini EPSQg bas no effect on their

amplitude or rise and decay times indicating thbfT5evokes a presynaptic effect.
6.4 Discussion

6.4.1 5-HT inhibits synaptic transmission
In addition to evoking an inward current as desddilearlier (Chapters 3 and 4), 5-
HT was found to significantly inhibit the mean aitygde of evoked excitatory

synaptic transmission in FMs.

197



6.4.2 5-HT receptor activation reduces EPSC amplitude

The pharmacology of this inhibitory action of 5-Hdicates the involvement of 5-
HT.s but not 5-HT receptors. CP93129 is highly selective for 5rglfleceptors
(ECso = 56 = 5 nM) over other 5-HT receptors (> 150 tinh@wer affinity at 5-HTa
and 5-HTp receptors) and this study has demonstrated th@8TX mimics the 5-
HT inhibition of EPSC amplitude but does not evakey of the postsynaptic
excitatory actions of 5-HT (Macor, Burkhart et 4090). The 5-HJs receptor
agonist, 8-OH-DPAT, does not inhibit EPSC amplitude was it found to evoke
any of the excitatory actions of 5-HT. The lackaof excitatory effect of 8-OH-
DPAT might seem as 8-OH-DPAT has been describeal @artial agonist at 5-HT
receptors in some studies (Wood, Chaubey et al0)200h Chapter 4 of this thesis
evidence is provided supporting a 5-Hieceptor-mediated enhancementlpfin
FMs. As agonist efficacy is likely to reflect botharacteristics of the tissue (e.g.
receptor number, coupling mechanisms) and drugptecenteractions the former
may explain the lack of effect of 8-OH-DPAT &nin FMs. These observations are
consistent with previous findings demonstratingieklof any post-synaptic actions

of 8-OH-DPAT (Larkman and Kelly 1997).

The pharmacology of the inhibitory effect of 5-Hm glutamate release was verified
using subtype selective antagonists. Isamoltaa@ igntagonist at 5-Hg receptors
and was found to block the inhibition of EPSC atople by 5-HT. Isamoltane does
show some affinity for 5-Hil receptors (16 = 1070 nM verses 39 nM for 5-Hg
receptors), however, it is unlikely that 5-FATreceptors were significantly blocked at

the concentration applied in these experimenisM} (Wood, Chaubey et al. 2000).
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The lack of involvement of 5-HE receptors was confirmed by the failure of the
highly selective 5-HT receptor antagonist, WAY 100635, to block the nition of
EPSC amplitude by 5-HT (Critchley, Childs et al94% A similar inhibition of
glutamate release from terminals presynaptic tonapimotoneurones and
hypoglossal motoneurones has been demonstratdshugh, in the hypoglossal
nucleus both 5-Hiy and 5-HTg receptors are involved (Bouryi and Lewis 2003;

Honda, Tanabe et al. 2003).

6.4.3 Synaptic location of 5-HT,g receptors

5-HT.g receptors function as heteroreceptors to modulgikamate release in
several regions including the rat subiculum and Hypoglossal motor nucleus
(Bobker and Williams 1989; Boeijinga and Boddek®@;9Bouryi and Lewis 2003).
There are several lines of evidence to supportegsymaptic location for 5-HgE
receptors in the FMN. Firstly, 5-HT and CP93126ré@ased the rate of failure to
generate an EPSC at a constant stimulus intenSgcondly, 5-HT and CP93129
altered the paired pulse ratio. A change in thieedapulse ratio is indicative of a
presynaptic mechanism and an increase is assoeidted presynaptic inhibition of
neurotransmitter release (Stuart and Redman 199Thirdly, 5-HT alters the
frequency, but not the amplitude, of mini EPSCs. iniMEPSCs represent
spontaneous (in the absence of nerve stimulati@yratransmitter release at
synapses across the entire neurone, thereforeanihot be assumed that these
synapses are the same population as those thatvaked by electrical stimulation.
However, the decrease in frequency of mini EPS@patis the data obtained from

the evoked EPSCs.
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6.4.4 Mechanism of inhibition of release by 5-HT;g receptors

The mechanism underlying the decrease of neurotittes release from the
presynaptic terminal by 5-H§ receptor activation remains unknown, largely due t
the inaccessibility of recording from presynapé@mtinals. An increase in the paired
pulse ratio is also observed when the extracel[@af"] is decreased suggesting that
neurotransmitter release can be inhibited by dsiargathe C& entering the
presynaptic terminal following stimulation (Stuamnd Redman 1991). A potential
mechanism for reducing &zentry into the terminal is by modulation of thexohels
through which C& enters the neurone. An inhibition of N-type?Cahannels
following activation of G proteins has been demonstrated in the chick doosxl
ganglion and as 5-HE receptors activate ;roteins this could also occur in the
FMN (Mirotznik, Zheng et al. 2000). Similarly, #te calyx of Held, activation of
presynaptic metabotropic glutamate receptors (m&ls&me of which are coupled
to G proteins) reduces glutamate release by inhibifti@-type C& channels

(Takahashi, Forsythe et al. 1996).

As C&"influx into the presynaptic terminal following nenstimulation is through
voltage-dependent &4a channels, reducing the depolarisation of the teami
membrane and the subsequent activation of thesenelsarepresents an alternative
mechanism for modulating transmitter release. manéase in K conductance would
result in membrane hyperpolarisation and a decreaseembrane depolarisation
following action potential innervation of the temal. Subsequently the reduced
Ccd”* entry into the terminal would result in a lowete@se probability of vesicles
and an inhibition of synaptic transmission. 5;H€ceptor activation leads to G

protein By subunit (By) which has been shown to activaté ¢onductances in the
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hippocampus (Andrade, Malenka et al. 1986; Andiatk Nicoll 1987; Colino and
Halliwell 1987). Activation of muscarinic acetylalme receptor from the heart M
receptors that are coupled tq @oteins), results in the g subunit activating G
protein coupled inwardly rectifying K(GIRK) channels (Logothetis, Kurachi et al.

1987; Reuveny, Slesinger et al. 1994).

A third proposed mechanism for modulating presyicagiease occurs downstream
of C&*influx into the nerve terminal (Blackmer, Larsena&t2001). Modulation of
the proteins involved in the fusion of vesicleshwihe plasma membrane (SNARE
proteins, (Li and Chin 2003)) and could potentiaiguce vesicle release (Blackmer,
Larsen et al. 2001). This modulation is downstredr€&" entry into the terminal
and was first demonstrated in the frog neuromusqulaction where activation of
adenosine receptors reduces the affinity of thiefusachinery for C& (on which it

is dependent) (Silinsky 1984; Silinsky and Solsoh892). At the frog
neuromuscular junction this inhibition of acetylthe release is dependent on
adenylate cyclase activity, however, at the lampreticulospinal-motoneurone
synapse it appears that th@yGubunit can bind directly to the fusion machinary
reduce neurotransmitter release (Silinsky 1984;n&dl/ and Solsona 1992;
Blackmer, Larsen et al. 2001). The mechanism niedi#he inhibition of glutamate
release in the FMN is not yet known, however, whetbr not this effect is
dependent on Gainflux into the terminal or an effect downstreafntiis could be

investigated using Gaimaging.
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6.5 Concluding statement

Chapters 3 and 4 of this thesis have reported Xo#atory effects of 5-HT on
neonatal rat FMs. This chapter has focused onrthibitory actions of 5-HT on
synaptic transmission and has determined thatseleé glutamatergic vesicles (as
described in Chapter 4) is inhibited by a presyicagdtivation of 5-HTg receptors.
These multiple actions of 5-HT in the facial nudaunay provide a mechanism by

which 5-HT exerts fine control over motor output.
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Chapter 7 General Discussion

7.1 Thesis summary

This thesis has investigated the pre- and postgignanechanisms controlling
neonatal rat FM excitability. An enhancementgnd an inhibition ofK .k have
been confirmed as the mechanisms underlying thd-BaHuced excitation of FMs
previously observed (VanderMaelen and Aghajania®0l19vandermaelen and
Aghajanian 1982; Larkman, Penington et al. 198B)e NA-induced excitation was
also shown to be mediated by an inhibitiorgieax.  The molecular identity of the
channel underlyingK ok Was previously unknown, thus making the physialabi
significance of its modulation unclear. This tlseprovides evidence to support a
TASK-1/TASK-3 heteromeric channel identity. This ¢onsistent with previous
studies demonstrating that members of the dhannel family provide leak currents
in a variety of neurones and can be inhibited viap®tein-coupled receptor

activation (Goldstein, Bockenhauer et al. 2001gPatd Honore 2001).

Identifying the different receptor subtypes medigtthese effects of 5-HT and NA
was crucial for the understanding of how the agsregert their different actions in
FMs. The mechanism by which 5-HT-receptor actoatienhancedl, was

previously determined as a direct action of cAMP tha channel (Larkman and
Kelly 1997). Here it has been established thatTs-Hceptor activation mediates

this enhancement of.

The receptor subtypes that mediate the 5-HT- andidi@éced inhibition ofgK eax

have been identified as 5-Bil receptors andaj-adrenoceptors, although an
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involvement of 5-Hc receptors cannot be completely ruled out by tineifigs
presented here. Both 5-bi receptors andy-adrenoceptors are coupled tg G
proteins, activating the PLC pathway. Previoudists have demonstrated that
altering the downstream messengers of this patff@sf‘]; and PKC activation) has
no effect ongK eak (Larkman 2003). It has recently emerged that,RiPthe
membrane stabilizes a variety of channels (inclgdifASK channels) and its
hydrolysis by PLC leads channel closure (Czirjaktheo et al. 2001; Chemin,
Girard et al. 2003; Lopes, Rohacs et al. 2005)is Techanism for the inhibition of
oK eak iIN FMs was investigated. PLEE was detected in the mouse FMN and a
functional role for this enzyme in the NA-inducagtrent was observed in PLEL"
mice, however, the 5-HT-induced current did notesgydo be affected by the lack of
PLC$1. An attempt to determine whether alternativefoisuos of the enzyme
mediated the 5-HT-induced inhibition gK ., was made using the non-selective
PLC inhibitor, U73122, however no conclusive resulwere obtained. This
suggested that either the inhibitor did not reashntracellular site of action within
the experimental time period or that this action5eHT does not involve PLC
activity. In the latter respect it is pertinen@atha recent report suggests TASK

channels can be inhibited by a direct action af, &Chen and Talley 2006).

The nature of the fast excitatory synaptic transmais that controls action potential
firing in FMs was previously uncharacterised. Imder to further understand
synaptic integration in FMs the neurotransmittegrpdtype and the receptor subtypes
activated were determined. Glutamatergic EPSCsE&@8Ps were evoked in FMs
by stimulating close to the dendrites of the reedré&M. A contribution of NMDA

and non-NMDA (AMPA/kainate) glutamate receptors waentified using selective
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antagonists. In addition, GIuR2 and NR2B subuoittaining glutamate receptors
were detected at the synapse tested. Proteintler glutamate receptor subunits
have been detected in FMs however, their functicrmadtributions could not be

assessed due to the lack of selective ligands {(iMdtackstone et al. 1993; Sato,

Kiyama et al. 1993; Nishi, Hinds et al. 2001).

It was also determined that by using a minimal station protocol single synapses
could be activated in FMs. At these putative snglynapses fluctuations in
amplitude were observed providing evidence thapstip the controversial theory of
guantal release at single central synapses (SasthyBhagavatula 1996; Auger and

Marty 2000; Stevens 2003).

Finally the effect of 5-HT on this glutamatergimayptic transmission was assessed.
Unlike the excitatory postsynaptic actions of 5-HWas determined that 5-HT has
an inhibitory effect on glutamate release from phhesynaptic terminal and that this

action was mediated by activation of presynapti¢Tag receptors.

7.2 Possible functional implications of pH-sensitive gK| eax

Whether the pH-sensitivity @K eak is functionally important for FMs is not clear.
Changes in external pH are known to occur duringode of ischaemia and hypoxia
but functionally significant physiological changa® less apparent. A small change
in external pH may be sufficient to alter the pmbigs of gK .ok however the
integrated response of the motoneuronal membratigeiy to involve additional
effects on other conductances. Experiments peddrin the absence ZD-7288
indicated that changes in external pH across thger@H 6 to 8 also alterdgd (not

reported here). The overall change in FM membrareluctance thus reflects the
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integration of at least these two components. Negkess, modulation @K cak by
endogenous neurotransmitters, particularly NA aidllS indicates an important role
in the priming and maintenance of FM membrane akdity during waking and

states of sensory arousal.

7.3 TASK-1 knock out mice

Mice lacking TASK-1 have been generated and werendoto show little
behavioural differences to their littermate cordr@xcept from impaired motor
coordination (Aller, Veale et al. 2005). This waported to be due to the lack of
TASK-1 in the cerebellar granule neurones whichypéa key role in motor
coordination (Aller, Veale et al. 2005). The ragtimembrane excitability of the
CGNs from the knock out mice was not significardlfferent from their littermate
controls and the leak current was found to be sieasio Zn™ and ruthenium red
suggesting that the absence of TASK-1 was competh$at by homomeric TASK-3
channels (Czirjak and Enyedi 2003; Aller, Vealeakt2005). It is noteworthy that
this shift to a homomeric TASK-3 population appearaffect motor coordination in
the knock out mice, demonstrating the importancéefTASK-1 channel for normal
CGN function (Aller, Veale et al. 2005). It woulek of interest to investigate the
sensitivity of the FMgK ea in these mice to assess whether the proposed
heteromeric TASK-1/TASK-3 population is also re@dcby homomeric TASK-3
channels. The lack of a deficiency in motor fumetisuggests that motoneurone
excitability is not significantly impaired in theABK-1 knock out mice, this is
consistent with TASK-1 homomers not playing a daminrole in motoneurone
excitability (Aller, Veale et al. 2005). Taken &iger with the lack of sensitivity to

ruthenium red, these findings support a TASK-1/TASKeteromeric identity for
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thegKeakin FMs. The generation of a double TASK-1 and TABKnock out mice
would further allow the role ofK eakin the contribution to the resting membrane

potential and its role in synaptic integration Md$-to be further assessed.

7.3 Role of I, in FMs

7.3.1 Functions of I

Pacemaker currents were first identified in theosatrial node cells in the heart
during the late 1970s (Noma and Irisawa 1976).s tlarrent was termdd (‘funny’)
due to its apparently unique slow activation inp@sse to hyperpolarisation. In the
heart, I, is involved in rhythmic activity by determining eéhtime which elapses
between action potentials in cardiac cells (Kaupg &eifert 2001). In the early
1980s neuronal pacemaker currents were identifie@d photoreceptors in the eye
and termedy, (‘hyperpolarisation-activated’) (Attwell and Wilsal980). Evidence
for a similar current in central neurones was atgdifrom hippocampal pyramidal
neurones and was termdd (‘queer’) due to its strange electrophysiological
behaviour (Halliwell and Adams 1982). The prefdrterm in the central nervous

system idy.

In contributes to a pacemaker current in many cemtealrones and this action
particularly well documented for thalamocorticallase neruones (Pape and
McCormick 1989; Luthi and McCormick 1998; Luthi afdcCormick 1998).
Following an action potential the neuronal membragperpolarises, activatinig,
which provides a depolarising inward current (Pape McCormick 1989; Robinson
and Siegelbaum 2003). As the membrane depolafhes to I, activity) and

becomes closer to the threshold for action potkfitiag, I, inactivates (Pape and
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McCormick 1989; Robinson and Siegelbaum 2003). rdfoee the kinetics ofy,
activation and inactivation determines the timet tledapses between action
potentials. Mice lacking the HCNZ2 subunit suffeprmh spontaneous absence

seizures supporting a pacemaker functioh, fudwig, Budde et al. 2003).

In neurones that do not require an integral pacembkcan contribute to the resting
membrane potential and input resistance. Restiaglnane potentials of neurons
are typically between -50 mV to -100 mV ahgdis active within this range. As
does not inactivate at hyperpolarised potentidls, dustained depolarising current
mediated byl, helps set the resting membrane potential depetarte the K
equilibrium potential (Pape 1996). This is suppdrby the hyperpolarising shift in
the resting membrane potential observed in thalanical relay neurones in the
HCN2 deficient mice (Ludwig, Budde et al. 2003).s EMs are not spontaneously
active it is likely that contributing to the regfimembrane potential is a primary role

for I in these neurones.

An additional action ot} is in the integration of synaptic inputs. Dengsitwere
traditionally thought to act as passive cables iarglich systems synaptic potentials
received in the dendritic network of a neurone wldog subject to filtering as they
travel to the soma (Whitehead and Rosenberg 1993jus the generation of an
action potential at the cell soma would be depenhdenthe location of synaptic
inputs in the dendrites and temporal summationyonéptic potentials. lon channels
can confer active properties to the dendritic membrand the density &f has been
found to increase in the distal dendrites relativedistance from the soma of

neocortical and CA1l hippocampal pyramidal neurofiagee 1998; Cook and
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Johnston 1999; Williams and Stuart 2000; Gulled@852. In these neurondgs
removes the location dependence of synaptic ingutd normalises temporal
summation (Magee 1999; Williams and Stuart 200)e potential role foly, in the

integration of synaptic inputs in FMs is discustather in Section 7.7.1.

7.4 Effect of 5-HT in FMN

7.4.1 Multiple 5-HT receptors in FMN

5-HT exerts several different effects in the CNSe do the diversity of 5-HT
receptors and from the findings of this thesisas lbbecome apparent that several
subtypes of 5-HT receptors are present in the nabmat FMN (summarised in

Table 7.1) (IUPHAR 2000).

Receptor Mechanism Synaptic Effect on FM
subtype location
Excitatory
5-HT; Enhances Iy, Postsynaptic (membrane
depolarisation)
Inhibits gK| eak Excitatory
5-HT, (TASK 1/TASK 3 Postsynaptic (membrane
channels) depolarisation)
Inhibitory

Inhibits glutamate

>-HTas release

Presynaptic (reduced synaptic
transmission)

Table 7.1. Summary of actions of 5-HT receptors iFMN.

Previously it has been generally accepted that SaBl§ an excitatory action in the
FMN (VanderMaelen and Aghajanian 1980; Vandermaeleth Aghajanian 1982;
Larkman, Penington et al. 1989; Larkman and Kef92). However, the findings

presented in this thesis suggest that if 5-HT lsased globally throughout the facial
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nucleus that preventing glutamate release at thapse may be dominant over the
increase in post-synaptic membrane excitability #retefore 5-HT would have a

predominately negative action.

7.4.2 Role of 5-HT, arousal states and motor activity

The activity of mammalian 5-HT neurones show caitrehs with arousal state
(Jacobs and Fornal 1999). The 5-HT neurone digehactivity was found to be
slow and regular during quiet waking states andeia®ed during the aroused state or
in response to sensory-stimuli (Jacobs and For@@9)jl As animals enter into the
sleep state the activity of 5-HT neurones decliard can be almost completely
absent from animals in a deep, REM sleep (Jacolbs Famtnal 1999). These
correlations were originally observed for 5-HT rengs of the dorsal raphé nucleus
of the freely moving cat but have also been seéeramammalian species and in
other groups of 5-HT neurones, including some ais¢hthat innervate the facial
nucleus (the raphé magnus, obscurus and palliddgih@Jacobs and Fornal 1991;

Jacobs and Fornal 1999).

The firing rates of 5-HT neurones also show strpagitive correlations with tonic
motor activity (Jacobs and Fornal 1997). It hasnb@®posed that the 5-HT system
facilitates motor activity and when active the mssing of sensory information and
the autonomic and endocrine systems are inhibtadops and Fornal 1999). When
the 5-HT system is inactivated motor function ikilnited and sensory information
processing is restored (Jacobs and Fornal 1999j. patticular interest is the

correlation between the increases in the actiViity-bIT neurones in the dorsal raphé
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nucleus and repetitive oral-buccal motor activitydlving muscles innervated by

FMs (chewing, biting, and grooming) (Jacobs anch&b1997).

This positive correlation between the activity 6H% neurones and motor activity
argues against a predominately inhibitory actio®-¢fT in the FMN. It is therefore
anticipated that the 5-HT receptors present infd#ugal nucleus are not activated

equally.

7.4.3 Possible mechanisms for differential activation of 5-HT receptors

One possible mechanism by which the excitatorycetieminates over the inhibitory
action of 5-HT is that rather than 5-HT being glbbeeleased within the nucleus it
is focally released onto different sections of #d. Thus the excitatory effects
would be manifested by 5-HT being released ontald&n regions downstream of
site where EPSPs are generated. 5-HT releaseldeasyhapse would exert the
inhibitory actions of 5-HT, through activation dfet 5-HT,g receptors. This theory
could be tested experimentally using the recorgirajocols described in Chapter 6
and instead of applying 5-HT through the supengsASCF it could be focally

applied using micropipettes (via pressure ejection)

An alternative hypothesis is that 5-HT is globakyeased in the facial nucleus and
receptor affinities control the dominating actiohSeHT. Thus, the receptors that
mediate the excitatory actions of 5-HT would bavatéd by low concentrations of

5-HT and if an inhibitory effect was required theaunt of 5-HT released would be
increased, eventually activating the lower affinibhibitory 5-HT;g receptors.

5-HT receptors bind 5-HT with affinities within theanomolar range and 5-HT

receptors bind 5-HT with a high affinity relative 6-HT, receptors (an example
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study determines the; Kor displacement of LSD as 3.5 £ 0.55 nM and 17.%nM
for 5-HT; and 5-HT, binding site, respectively) (Peroutka and Snyd@t9). The 5-
HT- receptor has also been found to show high affiioityo-HT (Kg = 1 nM in CHO

cells) (Ruat, Traiffort et al. 1993).

Since the 5-HT receptors appear to show the lowest affinity fadb a higher
concentration would be required to activate themntlior the activation of the
inhibitory 5-HTyg receptors, thus the inhibitory effect would be dwant. It is also
apparent that the range of receptor affinitiesathat large, therefore, it is unlikely
that this is the controlling factor in determinitige overall effect of 5-HT on FM

excitability.

7.4.4 Functional significance of the inhibitory effects of 5-HT

The functional significance of the 5-HT-induced ibition of glutamate release
reported here is unclear (Jacobs and Fornal 1985b3 and Fornal 1999). In the
hypoglossal nucleus activation of 5-FATand 5-HTg receptors mediate a similar
inhibition of glutamate release suggesting that thay be a common mechanism in
the control of motoneurone activity (Bouryi and Lie\2003). It may be that the 5-
HT released at the synaptic cleft is from neuromkese cell somas are located in a
different raphé nucleus to those which release 5eHfb the postsynaptic membrane
and exert its excitatory effects. This may pattady significant if the same group of
5-HT neurones innervate opposing muscles, thus whe®-HT neurone activity is
increased some motoneurones would be activatedeabesynaptic transmission

onto the other group of motoneurones would be priexe
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7.4.5 5-HT projections into the facial nucleus

The FMN contains the highest density of 5-HT neteninals of all the cranial
nerve nuclei (Takeuchi, Kojima et al. 1983; Senl®85). The origin of these
projections has been investigated using a combimaif immunohistochemistry for
5-HT and retrograde labelling with Fluro-Gold injea into the FMN (Li, Takada et
al. 1993). The majority of 5-HT neurones projegtio the FMN were observed in
the nucleus raphé magnus, obscurus and pallidilssweihe in the dorsal raphé and
the gigantocellular reticular pars alpha (Li, Takad al. 1993). However, only small
numbers of neurones were identified by this study @ost likely under-represents
the serotonergic projections to the FMN. The aldéd information regarding the
origin of 5-HT inputs into the FMN is currently nstibstantial enough to address the
issue of whethethe same FM is innervated by 5-HT neurones frorfediht raphé

nuclei.

7.5 Effect of NA in FMN

7.5.1 Multiple actions of NA in FMN

NA has been shown to excite FMs by an inhibitiorgiéfea, however, unlike 5-HT
NA does not appear to enhange The functional significance of this difference i

action of the two transmitters is not yet apparent.

The excitatory action of NA in FMs is mediated loyaxtivation ofu;-adrenoceptors.
Whether NA also has an inhibitory action in theidaawucleus has not yet been
addressed. The inhibitory effects of 5-dTeceptor activation appear to be a result

of receptor coupling to Goroteins. Members of the,-adrenoceptor family also
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couple to G proteins and have been shown to modulateakd C&" channels, a
potential mechanism for the inhibition of glutamatelease (Docherty 1998;
IUPHAR 2000). A role foray-adrenoceptors in inhibiting glutamate releasehm t
facial nucleus could be examined using the expertiaieparadigm described in
Section 6.2.4 and the>-adrenoceptor antagonist, RX 821002 (Diez-Alar&idar-

Cuellar et al. 2006). However, as a positive datien between motor behaviour
and NA neurone activity has been observed (seedBeth.2) it is likely that if there
are inhibitory NA receptors in the FMN they wouldtrbe activated with equal
efficacy as the excitatory;-adrenoceptors (as hypothesized for the multipleces

of 5-HT).

7.5.2 NA, arousal states and motor activity

Similar to the activity pattern of 5-HT neuronesh Neurones (located in the locus
coeruleus) show regular slow firing activity in guiwaking animals, increased
activity in behaving animals and reduced firingidgrdeep sleep periods (Aston-
Jones and Bloom 1981). NA has also been showmdrease motor activity,

although the effect is not as well documented as$ ¢ 5-HT (Geyer, Segal et al.

1972 617).

7.6 Synaptic integration in FMN

7.6.1 Role of Iy

Whether action potentials are generated by passiv@mation of EPSPs or
integration of synaptic inputs in FMs is not yeolun. However], is involved in

the integration of synaptic inputs in neocorticadl dippocampal pyramidal neurones
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and the presence of this current in FMs suggesiisshme integration may occur
(Magee 1999; Williams and Stuart 2000). In theseranes it has been shown that
thely is expressed more highly in the distal dendrited those proximal to the cell
soma and this increaségl removes the location dependence of synaptic iapdt
normalises temporal summation (Magee 1998; Cook Jotthston 1999; Magee
1999; Williams and Stuart 2000; Gulledge 2005)wdiuld be of value to determine
whether FMs also show this distributionlgfvhich could be assessed by including a
low concentration of ZD-7288 (1-10 puM) in the imdular recording solution
(without previously incubating the slice). The éimequired for the block, to occur
would be indicative of its expression pattern du¢hie time it takes for ZD-7288 to
diffuse to the intracellular region of the chanméiere it exerts its effect (Shin,
Rothberg et al. 2001). An alternative and morentjtative method for assessing the
distribution of I, across the dendritic membrane would be to use the
immunohistochemical techniques utilised in thissthe(Section 2.8 and Section

4.3.1) and the commercially available antibodieh®HCN channel subunits.

Accurate studies examining the effect Igfon synaptic integration and temporal
summation require simultaneous dendritic and samegcordings in order to
compare EPSPs at each of these locations (Williamd Stuart 2000; Larkum,
Launey et al 1998; Magee 2000). Making similar|cde&ordings in FMs would
allow synaptic integration in FMs to be examinetfh@ugh this technique would
require addition experimental apparatus to thatl dsethis thesis. If this technique
was available it would also be of interest to examsynaptic integration in mice

lacking the HCN2 subunit (and the other subunitdh&sknock-out mice become
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available) to assess the contribution of thesemitdto |, in FMs and to investigate

whether individual subunits play different rolesl integration of synaptic events.

7.6.2 5-HT modulation and synaptic integration

How the postsynaptic modulatory effects of 5-HTealsynaptic integration is also
not yet fully understood. If it is assumed thato&e of I, in FMs is to normalise
temporal summation of synaptic inputs and that tiasurs due to the increased
expression of, in the distal dendrites then it can also be assdlutinat by the 5-HT-
mediated enhancementlgfwill also further prevent temporal summation ofagtic
inputs. This would result in a more efficient rateaction potential firing for the
same number of EPSPs. This is consistent withctiveelation between 5-HT

neurone activity and motor output.

The inhibition ofgK sk could also potentially play a role in synaptic griion.
Inhibition of gKeak@and enhancet} results in a membrane depolarisation, therefore
the depolarisation required by incoming synaptpmuis to push the membrane above
the firing threshold would be decreased. Theref@®BSPs which induce
depolarisations that were previously below theghodd for firing would result in an

action potential in the presence of 5-HT (and NAtfe role ofgK | eay)-

7.7 Future directions

In addition to the possible experiments describexVipusly in this chapter, future
studies are required to further understanding efburomodulatory effects of 5-HT
and NA. It is anticipated that the next stageromfthe work described in this thesis

would be to examine any effect of NA on modulatgigtamate release. The effect
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of 5-HT and NA on EPSPs should also be investigatethe voltage-clamp
configuration is useful for investigating the conthnces that underlie changes in the
membrane potential, however, this is an artifigdabation and neurones vivo
would be described as being under current-clamphéNeSakmann et al. 1978).
Thus evoking EPSPs and applying 5-HT or NA wouldeed whether these
transmitters alter the shape and/or duration oo events. The receptor subtypes
which mediate the various actions of 5-HT and NAéhbeen determined in this
thesis and this information can be utilised to exenthe contribution of each of
these actions to the modulation of FM excitabili§y applying the receptor subtype
selective agonists and antagonists used in th@sthe FMs in which EPSPs were
being evoked the role of each action of 5-HT (arfl iNthere is multiple actions)

could be further understood.

The studies described in this thesis provide aspbundwork for future studies into
how neuromodulation alters FM function. In additio furthering understanding of
neuromodualtion in FMs these findings highlight thaltiple actions of 5-HT (and

potentially NA) in the central nervous system. Bblaurones are good models for
investigating neuromodulation and synaptic intagratiue to the functional output
of their activation being well understood, howevers anticipated that several (but
not necessary all) of the findings from studies=ds could be extrapolated to other

neuronal subtypes and further general understarafihgw neurones function.
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A TASK-like pH- and amine-sensitive ‘leak’ K*
conductance regulates neonatal rat facial motoneuron
excitability in vitro

Philip M. Larkman and Emma M. Perkins
Division of Neuroscience, University of Edinburgh, 1 George Square, Edinburgh EH8 9JZ, UK
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Abstract

A ‘leak’ potassium (K*) conductance (gK|eak) modulated by amine neurotransmitters is a major determinant of neonatal rat facial
motoneuron excitability. Although the molecular identity of gK|cax is unknown, TASK-1 and TASK-3 channel mRNA is found in facial
motoneurons. External pH, across the physiological range (pH 6-8), and noradrenaline (NA) modulated a conductance that displayed
a relatively linear current/voltage relationship and reversed at the K* equilibrium potential, consistent with inhibition of gK sk The
pH-sensitive current (/4), was maximal around pH 8, fully inhibited near pH 6 and was described by a modified Hill equation with a
pK of 7.1. The NA-induced current (lya) was occluded at pH 6 and enhanced at pH 7.7. The TASK-1 selective inhibitor anandamide
(10 pm), its stable analogue methanandamide (10 um), the TASK-3 selective inhibitor ruthenium red (10 pm) and Zn®* (100-300 pwm)
all failed to alter facial motoneuron membrane current or block Iya or /. Isoflurane, a volatile anaesthetic that enhances heteromeric
TASK-1/TASK-3 currents, increased gKj cak- Ba®*, Cs* and Rb* blocked Iy, and lon voltage-dependently with maximal block at
hyperpolarized potentials. 4-Aminopyridine (4-AP, 4 mm) voltage-independently blocked Iya and fon. In summary, gKiea displays
some of the properties of a TASK-like conductance. The linearity of gK .ok and an independence of activation on external [K*]
suggests against pH-sensitive inwardly rectifying K* channels. Our results argue against principal contributions to gK|eak by
homomeric TASK-1 or TASK-3 channels, while the potentiation by isoflurane supports a predominant role for heterodimeric TASK-

1/TASK-3 channels.

Introduction

‘Leak’ K" conductances (gKjca), characterized by no or weak
voltage-dependence and fast kinetics, provide a major determinant in
regulating excitability of many neuronal types. Inhibition of a gKj cax
by both noradrenaline (NA) and serotonin (5-hydroxytryptamine,
5-HT) modulates adult rat facial motoneuron excitability by promoting
membrane depolarization and an associated increase in input resist-
ance that markedly affects responses to synaptic input (Larkman &
Kelly, 1992). Despite the importance of this conductance for facial
motoneuron excitability the identity of the amine-sensitive K*
channels remains to be established.

It has been widely suggested that members of the twin-pore (2P)
domain K channel family provide molecular correlates for physio-
logically identified ‘leak’ K" conductances (reviewed by Goldstein
et al., 2001; Patel & Honoré, 2001). In young rat hypoglossal
motoneurons and adult turtle spinal motoneurons it has been proposed
that members of the TASK (TWIK-related, acid-sensitive, K*) group
of 2P channels underlie an amine-sensitive gK; .. (Talley et al., 2000;
Perrier et al., 2003). The presence of TASK-1 (KCNK3) and TASK-3
(KCNK9) mRNA has been demonstrated in the rat facial motor
nucleus, raising the possibility that TASK channels underlie the
amine-sensitive gKj ..« in facial motoneurons (Talley et al., 2000;
Karschin et al., 2001; Vega-Saenz de Miera et al., 2001). Neverthe-
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less, a motoneuron-specific inwardly rectifying K channel, Kir2.4,
has also been proposed to underlie the amine-sensitive K current in
hypoglossal motoneurons and this may also be expressed by neonatal
rat facial motoneurons (Karschin et al., 1996; Karschin & Karschin,
1997; Topert et al., 1998).

TASK-1 and TASK-3 channels mediate openly rectifying currents
with fast kinetics that can be distinguished by the pH at which they are
half-maximally activated (pK) (Duprat et al., 1997; Leonoudakis
et al., 1998; Kim et al., 2000; Rajan et al., 2000). In addition, the
endogenous cannabinoid, anandamide, preferentially blocks TASK-1
channels and the polycationic compound, ruthenium red (RR)
selectively blocks TASK-3 channels (Czirjak & Enyedi, 2003;
Maingret et al., 2001). TASK-1 and TASK-3 also appear to form
functional heterodimeric channels with emergent properties distinct
from the respective homomeric channels (Czirjak & Enyedi, 2002a;
Talley & Bayliss, 2002; Kang et al., 2004). In this respect,
acetylcholine inhibits a gKj., in cultured rat cerebellar granule
(CG) neurons with properties similar, but not identical, to TASK-1
(Watkins & Mathie, 1996; Millar et al., 2000). Single-channel studies
have demonstrated the presence of homomeric TASK-1, homomeric
TASK-3 and heteromeric TASK-1/TASK-3 channels in these cells
(Han et al., 2002; Kang et al., 2004).

We have combined pharmacological and biophysical approaches to
investigate the identity of the amine-sensitive gKj ., in neonatal rat
facial motoneurons. We show that external pH, across the physiological
range, modulates a gKj ., with the biophysical and pharmacological
properties of the NA-sensitive conductance. This conductance displays
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some of the biophysical properties of a conductance carried by TASK
channels but has a pharmacological profile distinct from either homo-
meric TASK-1 or homomeric TASK-3 channels. Some of this work has
been presented in preliminary form (Larkman & Perkins, 2003).

Materials and methods
Subjects

Wistar rats, 5-16 days old, of either sex, were used for slice
electrophysiology experiments. Dissociated CG cell cultures were
prepared from 7-day-old Wistar rats. All procedures were approved
under the UK Animals (Scientific Procedures) Act 1986.

Slice preparation

Slice preparation and recording methods were similar to those
described previously (Larkman & Kelly, 1998). Rats were decapitated
without anaesthesia and the hindbrain was rapidly isolated and placed
in ice-cold (~4 °C), sucrose-containing artificial cerebrospinal fluid
(ACSF) of the following composition (mM): 57 NaCl, 114 sucrose, 3
KCI, 1 CaCl,, 5 MgCl,, 1.25 NaH,PO,4, 26 NaHCO3;, 11 D-glucose
and 4 lactate. pH was 7.4 when continuously bubbled with a 95%
oxygen, 5% carbon dioxide gas mixture. After mounting the brainstem
on the cutting stage of a tissue slicer (DTK-1000, Dosaka Co., Kyoto,
Japan) slices (~120 pm thick) were cut and subsequently incubated at
30 °C for 60 min in a total volume of 50 mL ACSF. During this time
the sucrose-containing ACSF was slowly exchanged, at a rate of
approximately 1 mL/min, with standard ACSF containing (mMm): 114
NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,POy4, 26 NaHCOj; and 11
D-glucose; pH was 7.4 after bubbling with 95% O,/5% CO,. Prior to
recording, slices were maintained at room temperature (~23 °C) in
standard ACSF. To inhibit the hyperpolarization-activated current, /;,,
ZD-7288 (5-10 uM) was added to the maintenance chamber at least
30 min prior to recording.

Cerebellar granule cell cultures

Cerebellar granule cells were seeded on glass cover-slips coated with
poly-D-lysine (15 pg/mL) at a density of 7.5 x 10° cells/cm? and
cultured in MEM without Ca>" and Mg2+ (Gibco, Invitrogen, Paisley,
UK) supplemented with 10% fetal calf serum (Gibco, Invitrogen),
9.2 mM glucose, 0.56 mM glutamine, 5.2 mM KCI and 1% penicillin—
streptomycin. Cytosine-arabinoside (10 pm) was added to the culture
medium after 24 h to prevent growth of glial cells. Electrophysiolog-
ical recordings were attempted between 8 and 14 days in vitro (DIV).

Electrophysiology

Individual brainstem slices or cover-slips bearing cultured granule
cells were transferred to a recording chamber and continuously
perfused (3—5 mL/min) with ACSF. Neurons were visualized using a
water immersion objective (40x, Carl Zeiss Ltd, Welwyn Garden City,
UK) and Nomarski differential interference contrast optics. Facial
motoneurons were cleared of debris and connective tissue prior to
introduction of a recording pipette into the chamber. Recording
pipettes were made from thin-walled borosilicate glass capillaries
(GC150TF, Harvard Apparatus Ltd, Edenbridge, UK) using a patch-
pipette puller (Narishige PP-83, Intracel, Royston, UK). The patch-
pipette was coated with sylgard to reduce capacitance. The pipette
solution contained (mM): 122.5 K gluconate, 17.5 KCl, 9 NaCl, 1

MgCl,, 0.2 EGTA, 10 Hepes, 0.3 GTP (Na* salt) and 3 ATP (Mg*"
salt), neutralized to pH 7.3 with KOH (4 mMm). Occasionally diluting
this solution to 90% improved the maintenance of cell condition. Even
though block of 7;, by ZD-7288 is essentially irreversible over the time
required for whole-cell recording (Larkman & Kelly, 2001), ZD-7288
(5-10 um) was included in the pipette solution during whole-cell
recordings to maintain an effective blocking concentration at its
intracellular site of action (Shin et al., 2001). Perforated-patch
recordings from cultured CG cells were made after including
amphotericin B (250 pg/mL) in the pipette solution. Membrane
currents were recorded with a patch-clamp amplifier (EPC7B, List-
Medical, Darmstadt, Germany) filtered at 10 kHz and stored using a
digital audio tape recorder (Biologic DTR-1404, Intracel). Series
resistance (whole-cell recording, range 14-25 MQ; perforated-patch
recording, range 30—60 M) was monitored with the current response
to a repetitive voltage step (—10 mV, 10 ms) and was compensated by
up to 70%. Motoneuronal conductance was measured using linear
regression across the linear part of the I/V plot (=60 to —80 mV)
obtained using either voltage step pulses of varying amplitude or ramp
pulses (=50 to +50 mV from the holding potential, 2.4 s duration).
Cerebellar granule cells were voltage-clamped at —20 mV and
conductance was measured by ramping to —120 mV over 900 ms.
Off-line analysis was performed using a CED1401+ interface
(Cambridge Electronic Design Ltd, Cambridge, UK), personal com-
puter and Signal or Patch and Voltage-Clamp software (Cambridge
Electronic Design Ltd). Membrane current responses to voltage steps
were digitized at 1-3 kHz while those evoked by voltage ramps were
digitized at 0.2—1 kHz. All recorded potentials using standard pipette
solutions were corrected for a junction potential of ~8 mV.

Recordings from CG neurons and those in slices involving changes
in external pH were made in a modified ACSF containing (mMm): 126
NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 11 D-glucose and 10
Hepes continuously bubbled with 100% O,. pH was adjusted by
titration with NaOH and checked after each recording. Tetrodotoxin
(TTX; 0.3 pm) was routinely included in all external recording
solutions to block voltage-gated Na" channels. Changes in the external
K" concentration were compensated for by equimolar alterations in the
external Na' concentration. When Rb" was included in the ACSF it
replaced equimolar K. Drugs were bath-applied in the ACSF unless
otherwise stated. To prevent precipitation of Zn>" the ACSF did not
contain NaH,PO,.

External solutions containing isoflurane were prepared as previ-
ously reported (Simon et al., 2001; Ranft et al., 2004). Briefly, a
saturated solution of isoflurane (15 mM; Scheller et al., 1997) was
prepared by adding an excess of anaesthetic to ACSF in a sealed glass
bottle and stirring for 3 h at room temperature. Simon et al. (2001)
found that dilutions between 1 : 30 and 1 : 7.5 of this stock solution
resulted in a final aqueous concentration of 0.2—0.3 mM after bubbling
with oxygen and delivery to the recording chamber. We routinely used
a 1 : 10 dilution in our experiments.

Data analysis

Single exponential fits to the activation and deactivation of subtracted
NA-sensitive current traces were performed using Signal software
(v2.0, Cambridge Electronic Design) according to the equation

I, =A+Be' (1)

where /, is current amplitude at time #, 4 and B are constants and 7 is
the time constant.
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Chord conductance was obtained by dividing the current by the
electromotive force (V' — V,) where Vis the membrane potential and
Viev the reversal potential. The resulting values could be described by
a Boltzmann function of the form

g/gmax = 1/1 + exp[(V - %5)/]{}7 (2)

where g,,.x is the maximum conductance, V'is the membrane potential,

V.5 the potential for half maximal activation and & is a slope constant.
The pH-sensitivity of facial motoneuron membrane current could be

described by a modified (four-parameter logistic) Hill equation

Y= Ymin T ( max _ymin)/[l + (pH/pK)b] (3)

where y is the holding current or input conductance, V.. the
maximum response, Vmin the minimum response and b =
—(b" * pK)/0.434 where b’ is the Hill coefficient expressed as a
function of H' concentration.

The dose-response relationship for phenylephrine could be des-
cribed by the equation

Y= Ymin T ( max _ymin)/[l + 10(10gEC507X)*nH} (4)

where y is the normalized response amplitude, yy.x the maximum
response, Ymin the minimum response, X is the phenylephrine (PE)
concentration and nH is the Hill coefficient. Fitting was performed
using Graphpad Prism™ software.

Drugs

4-Aminopyridine (4-AP), 5-hydroxytryptamine creatinine sulphate,
amphotericin B, barium chloride, bupivacaine, caesium chloride, NA
(arterenol Dbitartrate), PE hydrochloride, rubidium chloride, RR,
tetracthylammonium (TEA) chloride, and zinc chloride were all
obtained from Sigma-Aldrich Co. Ltd (Gillingham, Dorset, UK)
Anandamide, arachidonyltrifluoromethyl ketone (ATFK), methanand-
amide, propranolol hydrochloride, prazosin hydrochloride, TTX, WB
4101  [2-(2,6-dimethoxyphenoxyethyl)aminoethyl-1,4-benzodioxane
hydrochloride] and ZD-7288 [4-(n-ethyl-n-phenylamino)-1,2-dimeth-
yl-6-(methylamino) pyrimidinium chloride] were from Tocris Cook-
son (Bristol, UK). Isoflurane was obtained from Abbott Laboratories
Ltd (Maidenhead, UK).

Results
External pH modulates a gKj «ax in facial motoneurons

Identification of mRNA for subunits belonging to the TASK and Kir2
families in the rat facial motor nucleus and the knowledge that
channels containing these subunits are sensitive to changes in external
pH prompted us to investigate the functional expression of pH-
sensitive K channels in neonatal rat facial motoneurons (Topert et al.,
1998; Talley et al., 2000, 2001). We evaluated the effects of changing
the external pH on the resting membrane conductance under voltage-
clamp conditions in the presence of ZD-7288 to prevent contamination
by pH-sensitive /;,. Figure 1A illustrates current—voltage (I/V) plots
obtained in pH 8, 7 and 6 ACSF in the same facial motoneuron. The
1/V plots indicate that at a holding potential of —60 mV increasing the
external [H'] induced an inward current associated with a decrease in
membrane conductance. The current induced by changing external pH
(Ion), obtained by subtracting I/V plots obtained in each condition,
reversed close to the predicted Ey, supporting the idea that at
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F1G. 1. Altering external pH around the physiological range modulates a leak
K" conductance in facial motoneurons. (A) I/V relationships obtained using
voltage ramp commands from a facial motoneuron superfused with pH 6, pH 7
and pH 8 ACSF. Conductance decreases with increasing H" concentration.
(B) Subtraction of the plots shown in A indicates that altering external pH
modulates a leak K" conductance. (C) Chart recording showing the effects of
varying the pH of the ACSF on membrane current of a different facial
motoneuron voltage clamped at —60 mV. The horizontal bars indicate the
external pH and duration of application. Vertical deflections represent current
responses to voltage commands not illustrated in this figure. The ACSF
contained 3 mM K and the horizontal arrow indicates the zero current level.
(D) Plots of membrane current (left abscissa) and changes in membrane
conductance, normalized to the conductance at pH 7.5 (right abscissa), at
different external pH taken from the facial motoneuron illustrated in C above.
Conductance measurements were obtained by linear regression of the /1
relationship between —60 and —80 mV. The sensitivity of changes in membrane
current and conductance to external pH could be described by a four-parameter
logistic function (eqn 3, Methods). pK values of 7.2 and 7.3 and Hill slopes of
1.2 and 1 were obtained for current and conductance changes, respectively.
(E) Averaged data (SEM, n = 8) showing the pH sensitivity of changes in
membrane conductance normalized to the conductance at pH 7. The relation-
ship could be described by eqn 3 with a pK value of 7.1 + 0.1 and a Hill slope
of 1.5+ 0.4 (R* = 0.9874).

potentials depolarized to the K' equilibrium potential (Ex) the net
inward current reflects the inhibition, by external protons, of a resting
outward K" current. /, appeared linear over the voltage range —40 to
—90 mV; however, some rectification was seen outwith this voltage
range (Figs 1B, 5B, and 9B and C). These properties are characteristic
of a pH-sensitive gKj cax-

Results summarized from a population of facial motoneurons,
voltage-clamped at —60 mV, indicate that switching from a standard
physiological external pH of 7.4 to pH 6 induced an inward current of
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—46 £+ 6 pA associated with a decrease in membrane conductance
from 7.13+0.77nS to 5.29 £0.55nS (n = 12; mean + SEM).
Under the same conditions, switching from pH 7.4 to pH 8 resulted
in an outward current (22 + 8 pA) and a conductance increase to
9.2 + 1.5 nS (n = 4; membrane conductance at pH 7.4 for the same
facial motoneurons was 8.3 £ 1.6 nS). Irrespective of the inward or
outward nature of the change in membrane current the reversal
potential (V,q) was close to the predicted Ex (pH 7.4-6,
Vou = =93 £ 1.4 mV; pH 7.4-8, V,ug = —89 £ 3 mV). Altering the
external K" concentration ([K'],) to 7 mM moved the V,y to
—66 £ 1.3 mV (n = 7), in close agreement with the change predicted
by the Nernst equation.

The pH-sensitivity of gKj... was investigated further. Figure 1C
shows a representative chart record of membrane current from a facial
motoneuron voltage clamped at —60 mV to which ACSF of varying pH
was applied. The time required for the pH-induced current changes to
reach a steady state varied from 2 to 5 min. We attribute this to the depth
of the recorded facial motoneuron in the slice, the relatively slow
exchange of ACSF in the recording chamber and the H" buffering
capacity of the slice. The amplitude of I,; and the change in
conductance over a range of external pH could be described by a
modified Hill equation (see eqn 3) (Fig. 1D and E). As illustrated in
Fig. 1D (for the facial motoneuron shown in Fig. 1C) measuring either
parameter gave closely similar values for pH-sensitivity. Data taken
from eight facial motoneurons, each of which was exposed to at least
four changes in external pH, indicated a fit of the pH-evoked
conductance with a pK value of 7.1 £0.1 and a Hill slope of
1.5+ 0.4 (+ SEM, R* = 0.9874). The pH-sensitive K* conductance
was maximal at pH 8.2 and no further decrease in conductance was seen
below pH 6. These data indicate that at physiological pH (~ 7.4) the
resting pH-sensitive gKj .ok is approximately 70% of its maximal level.

NA inhibits a gKj eak in neonatal rat facial motoneurons

The biophysical properties of the pH-sensitive gKj.u closely
resemble those previously described for the 5-HT-sensitive gKj cqx in
neonatal rat facial motoneurons (Larkman & Kelly, 1998). NA had
also been shown to inhibit a similar conductance in adult rat facial
motoneurons (Larkman & Kelly, 1992). Bath-application of NA also
induced an inward current in neonatal rat facial motoneurons voltage-
clamped at —60 mV in standard ACSF containing 3 mm K" (Fig. 24,
inset). ZD-7288 (5-10 pM) was again used to block [, in these
experiments. The NA-induced inward current was unaffected by
external TTX (0.3 pM) or zero Ca®*, 5mmM Mg>* ACSF. I/V
relationships indicated that the inward current was associated with a
decrease in membrane conductance (Fig. 2A). In a representative
sample of facial motoneurons, NA (10 pm) induced an inward current
of =58 £ 7 pA (n = 19) associated with a conductance decrease from
9.4 £0.8 nSto 7.3 0.7 nS. As seen for Iy, the NA-induced current
(Ina) appeared linear over the voltage range —40 to —90 mV; however,
some rectification was seen outwith these voltages (Figs 2B, 4B, 5C—
E, 7A and B, and 8A and B). Iya reversed at =96 = 3 mV (n = 19),
=70 £2 mV (n = 16) and —61 £2 mV (n = 14) when the ACSF
contained 3, 7 or 12mM K, respectively, in agreement with
predictions for the Ex obtained from the Nernst equation (Fig. 2B).
These properties suggest that NA inhibits a gK'* with properties very
similar to the pH-sensitive gKj.,. Subtracted current records
(Fig. 2C) indicated that the NA-sensitive gKj.. displayed rapid,
voltage-independent, activation and deactivation kinetics. Subtracted
currents obtained after stepping from —60 mV to —40 mV displayed
activation and deactivation time constants of 9 = 1.6 ms (n = 7) and
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FIG. 2. Noradrenaline inhibits a leak K* conductance in neonatal rat facial
motoneurons. (A) I/V relationships obtained from a facial motoneuron
voltage-clamped at —60 mV in the presence (open triangles) and absence
(filled squares) of NA (10 pum). Inset: the inward current evoked by bath-
application of NA (duration indicated by horizontal bar) to the same facial
motoneuron. Vertical deflections are attenuated current responses to voltage
step and ramp commands (data not shown). (B) Plots of NA-induced current
(Ina) in ACSF containing 3 and 12 mM K. Iy, shows a small degree of open
rectification, more prominent at negative potentials, and reverses at the
predicted Ex.. (C) Superimposed expanded current responses to voltage step
commands of variable amplitude (lower left) before (control) and during (NA)
application of NA (10 pm). ACSF contained 7 mM K and the horizontal arrow
indicates the zero current level. Traces in C (bottom right) are subtracted
records of Iya in response to —30 mV (upper trace) and +20 mV (lower trace)
voltage steps. Single exponential curves with the time constants (t) indicated
(eqn 1, Methods) have been superimposed on the activation and deactivation
phases of the currents. (D) Chart records of membrane current from another
facial motoneuron voltage clamped at —60 mV showing the NA-induced
inward current is occluded by the 5-HT-induced inward current. (E) Plots of
NA- and 5-HT-induced current (from the records shown in D) share the same
biophysical properties and occlude over the whole voltage range tested.
Maximal concentrations of bath applied 5-HT (10 um) and NA (10 pum) were
used. Calibration bars in D are 50 pA and 60 s.

6.6 £0.3 ms (n=28), respectively. Stepping to —90 mV from
—60 mV revealed activation and deactivation time constants of
6.9 + 1.1 ms and 8.5 + 0.7 ms (n = 8), respectively.

Application of a maximal concentration of NA (10 uM) or the
ao;-adrenergic receptor agonist PE (30 pM), in the continued presence
of a maximal concentration of 5-HT (10 um) failed to induce any
further inward current (Fig. 2D and E), suggesting that the two
transmitters act on a shared population of leak K channels. 5-HT
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(10 um), PE (30 um) or NA (10 uMm) applied alone induced inward
currents of —-45+4pA (mm=5), -45+5pA (n=2) and
-34 £ 2 pA (n = 3), respectively (¥, = =50 mV, [K'], = 7 mm).
Co-application of either 5-HT and PE or 5-HT and NA induced inward
currents of —43 + 3 pA and —47 + 8 pA, respectively. The transmit-
ter-induced current over the range of voltage —30 to —90 mV
possessed the same properties whether 5-HT or NA were applied
together or separately (Fig. 2E).

NA and changes in external pH modulate the same gKj cax

If NA and external pH (and 5-HT) alter facial motoneuron excitability
by modulating the same gKj .., the effects of lowering external pH
and transmitter application should occlude. The NA-induced inward
current was examined in conditions designed to inhibit (pH 6.5) and
activate (pH 7.7) I, (Fig. 3A). When external pH was increased to
7.7, a maximal concentration of NA (10 um) induced a robust inward
current of =109 + 19 pA (n = 5). Lowering external pH to 6.5 led to
a dramatic reduction in Iyn to —34 £9 pA in the same facial
motoneurons. In the example shown in Fig. 3A the response to NA
was almost completely occluded when the external pH was 6.5.
Figure 3B shows that at pH 6.5, Iya was occluded over the whole
voltage range examined while at pH 7.7 the amplitude and the

0.25 - pH 7.? _ PH_6'_5_ _ pH 7.7
. NA
<0.15 - l
70.05 |
'0.05 LML I B B BN B N B BN D B B B B NN BN BN B N BN BN B BN BN |
0 5 10 15 20 25
Time (min)
B
- 0.05
N 0 :E
-120 c
- -0.05 T
NA (pH 7.7) --0.1 T
P4
- -0.15
pH65-77/”
- -0.2

FIG. 3. Inhibition of the leak K conductance by lowering external pH
occludes the effects of NA. (A) Plot of membrane current against time for a
facial motoneuron voltage-clamped at —60 mV. Solid and dashed horizontal
bars indicate the times when the slice was superfused with pH 7.7 and pH 6.5
ACSF, respectively. Arrows indicate points at which NA (10 uMm, 15 s) was
added to the ACSF. Note the almost complete occlusion of the NA-induced
inward current in pH 6.5 ACSF. (B) Plots of the current induced by switching
from pH 7.7 to pH 6.5 ACSF and the NA-induced current in both conditions.
Data in A and B are from the same facial motoneuron. Occlusion of the NA-
induced current by pH 6.5 ACSF was independent of membrane potential.
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properties of Iy were almost identical to those of the current induced
by switching the external pH from 7.7 to 6.5. This supports the idea
that both external pH and NA modulate the same gKj .., and that both
have an equivalent maximal level of inhibition.

Lowering external pH has been shown to alter agonist receptor
interactions for some adrenoceptors. It was therefore important to
confirm the identity of the adrenoceptor mediating these actions in
neonatal rat facial motoneurons. PE mimicked the ability of NA to
inhibit gKj ., with an ECsq of ~1 uM (n = 12, Fig. 4A-C). The
B-adrenergic receptor agonist isoproterenol (5—100 pMm) had no effect
on gKj e (n = 3). NA- and PE-induced inhibition of gK; ¢ could be
abolished by bath-application of the o,-adrenergic receptor antagonists
prazosin (0.5-1 pM, n = 5) or WB-4101 (10 uMm, n = 2) (Fig. 4A and
B). Modulation of gKj.. by NA and PE was not blocked by the
B-adrenergic receptor antagonist propranolol (10 puMm; n = 3, Fig. 4D).

The effects of TASK channel blockers on the pH-
and NA-sensitive 9K\ eak

The pH-sensitivity of gKj..« suggested to us that TASK channels
might contribute to this conductance. The pharmacological properties
of facial motoneuron gKj., are summarized in Table 1. Low
micromolar concentrations of the endogenous cannabinoid ananda-
mide block homomeric human TASK-1 channels (Maingret et al.,
2001). Homomeric TASK-3 channels are blocked by higher concen-
trations of anandamide. Bath-application of anandamide (10-20 pm)
had no effect on facial motoneuron resting membrane conductance at
the holding potential (=50 mV) in pH 7.4 ACSF (n = 4) or on the
decrease in gK., induced either by NA (10 um) or lowering the
external pH from 7.4 to 6 (Fig. 5A). Iya at a holding potential of
—-50 mV (3 mM [K'],) was —53 =+ 3 pA in the absence of anandamide
compared with =52 + 3 pA in its presence (n = 3).

It has been reported that anandamide may be metabolically
degraded in certain in vitro conditions and that this can be prevented
by ATFK (Barbuti et al., 2002). When applied alone for up to 20 min,
ATFK (10 pm) had no effect on the pH- or NA-induced currents
(n = 2). Subsequent co-application of anandamide (10 pM) again
failed to induce a membrane current or affect the currents induced by
application of NA or lowering pH. Methanandamide is a metabolically
stable analogue of anandamide that has also been shown to inhibit
TASK-1 channels (Maingret et al., 2001). Methanandamide (20 um)
also failed to have any effect on the resting membrane current and
failed to inhibit the NA-induced response (n = 4, Fig. 5B).

Homomeric TASK-3, but not TASK-1, channels are inhibited by
RR (Czirjak & Enyedi, 2003). Application of RR (10 puMm) to facial
motoneurons had no effect on holding current at =50 mV (» = 4). Co-
application of NA (10 uM) in the presence of RR (10 pum) induced an
inward current indistinguishable from the control response obtained in
the absence of the TASK-3 blocker (Fig. 5C). Thus, inward Iy, at a
holding potential of =50 mV (3 mM [K'],) was —50 + 8 pA in the
absence of RR compared with —59 £ 6 pA in its presence (n = 4).
The Vna was also unaffected by the presence of RR.

Actions of ruthenium red and methanandamide on cultured
cerebellar granule cells

The absence of any effects of anandamide, methanandamide, and RR
on facial motoneurons prompted us to examine the activity of our
drugs. We therefore tested the ability of RR and methanandamide to
inhibit putative TASK channel-mediated currents in cultured rat CG
cells (Maingret e al., 2001; Han et al., 2002; Kang et al., 2004).
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FIG. 4. Noradrenaline, acting through a o, receptor, inhibits the same leak K" conductance as 5-HT. (A) Chart records of membrane current from a facial
motoneuron voltage-clamped at —60 mV showing that the inward currents evoked by bath-application of phenylephrine (PE, 30 pm) and NA (5 um) were inhibited
by the o, receptor antagonist, prazosin (0.5 um). The response to 5-HT (10 um) was unaffected by this antagonist. (B) The NA- and PE-induced currents, obtained
by subtraction of current responses to voltage ramps, share the same biophysical properties and are blocked over the whole voltage range by prazosin. (C) Dose—
response curve for PE. Response amplitude was normalized to the response to 5-HT (10 pum). Data points represent mean + SEM for five different facial
motoneurons. The solid line represents a fit of the data to eqn 4 (Methods) with an ECs, of 1 um and a Hill slope of 0.71. (D) Chart records of membrane current
from a facial motoneuron voltage-clamped at —60 mV showing a lack of effect of the B-adrenergic receptor antagonist, propranolol (10 um), on the currents induced
by NA (5 uMm). Calibration bars in A and D are 50 pA and 60 s.

TABLE 1. Comparative pharmacology of TASK channels and rat facial motoneuron gKj ek

TASK-1 TASK-3 TASK-1/TASK-3 Rat FM gK| cax
pK! ~ 1.5 (1) ~ 6.8 (1) ~ 173 (1) ~ 7.1
Isoflurane (0.3 mm)' No effect (1) ~ +80% () ~ +50% (1) ~ +55%
Methanandamide (10 pm)’ ~ —=85% (1) ~ —64% (1) ~ =55% (1) No effect
Ruthenium red (5 um)° No effect (r) ~ —85% (1) No effect (1) No effect (10 pum)
Zn** (100 pm)>7"8 ~ —40% (r) No effect (r) No data No effect (r)
No effect (h) ~ =70% (h) ~ —20% (h)

Bugivacaine (100 pm)”® ~ —60% (1) ~ =50% (1) No data ~ =30%

a*t 7o ICso ~400 pM (1) ICso ~300 pM (1) No data ~ =90% (500 M)
Cst 4710 ~ =30% (100 pm, 1) ~ =75% (3 mMm, 1) No data No effect (300 pm)

No effect (10 mMm, h) ~ —85% (1 mm)

4-AP>3 ~ =15% (10 mM, r) No data No data ~ —60% (4 mM)
TEA>S78 ~ =30% (100 mm, 1) No effect (I mm, 1) No data No effect (30 mm)

Values indicated are percentage current increase (+) or decrease (—) in the presence of the drug indicated, except for the sensitivity of TASK-1 and TASK-3
homomers to Ba>* for which the ICs, is given. Values for Ba®" and Cs" reflect optimal voltage-dependent blocker sensitivity. Species is either rat (r) or human (h).
Where non-uniform drug concentrations are compared the concentrations are given in parentheses in the table. Data for TASK-1/TASK-3 heterodimer refers to
concatenated TASK-1/TASK-3 construct. Data taken from 'Berg et al. (2004), *Clarke et al. (2004), *Czirjak & Enyedi (2002a), *“Czirjak & Enyedi (2002b),
5Czirjak et al. (2000), ®Duprat er al. (1997), 'Kim et al. (2000), *Leonoudakis ez al. (1998), °Lopes et al. (2001) and '°Meadows & Randall (2001).

Lowering pH to 6 from 7.4 induced an inward current in CG cells with
characteristics of a TASK-mediated leak K* conductance (insets to
Fig. 5B and C). RR (10 pum) also induced an inward current that was
53 + 2% (n = 3) of the amplitude of tha induced at pH 6. The actions
of RR partially occluded the current induced at pH 6. Bath-application
of methanandamide (20 pmM) had a smaller effect on CG cells,

inducing an inward current with characteristics of gKj.q that was
18% of the current induced at pH 6 (inset Fig. 5D). These actions are
consistent with reported effects of RR and methanandamide on
TASK-1 and TASK-3 channels in cultured CG neurons (Maingret et al.,
2001; Han et al., 2002; Lauritzen et al., 2003; Kang et al., 2004). The
insensitivity to anandamide of facial motoneuron gKj . should not be
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FI1G. 5. Homomeric TASK-1 and TASK-3 channel blockers have no effect on
the NA- and pH-sensitive leak K" conductance. (A) A chart recording
showing membrane current against time for a facial motoneuron voltage-
clamped at —50 mV. Horizontal bars indicate the times when the slice was
superfused with pH 7.4 ACSF, pH 6 ACSF and anandamide (10 pum). The
horizontal arrow indicates the zero current level. Vertical deflections are
attenuated current responses to ramp voltage commands (data not shown) used
to generate //V data. Anandamide failed to alter membrane current in pH 7.4
ACSF and had no effect on the amplitude or time course of the inward current
induced by perfusion with pH 6 ACSF. (B) Plots of the methanandamide
(20 um)-induced current (/) and the NA-induced current in the absence
(INA(Controny) and presence (Inava)) of methanandamide. Methanandamide
does not inhibit gKj c.k or Ina. Inset: the currents induced by methanandamide
(10 um) and pH 6 ACSF in a cultured rat cerebellar granule cell. (C) Plots of
Iya in the presence and absence of ruthenium red (10 uM). Note that the
currents superimpose, indicating a lack of effect of ruthenium red. Inset: 7/ V'
plots from a cultured rat cerebellar granule cell indicating that ruthenium red
(10 uM) and pH 6 ACSF both significantly inhibit a gKj .. in these neurons.
(D) Zn** (300 um) fails to block the actions of NA on facial motoneuron
gKieaw but does abolish an inflection attributable to enhanced gCaH.
(E) Plots of the current induced by bupivacaine (Igp, 50 pM), NA (Ina
10 pm) and NA in the presence of bupivacaine (/xawp). ACSF contained
3mMK inA,B,CandEand 7 mm K" in D.

overstated. A recent report suggests that unlike human TASK-1 and
TASK-3 channels the rat homologues are not particularly sensitive to
low concentrations of anandamide and that higher concentrations fail to
discriminate the two channel types (Berg et al., 2004).

The effects of Zn?* and bupivacaine on the pH- and
NA-sensitive gK| eax

Homomeric human (h)TASK-1 channels, expressed in cell lines,
display little sensitivity to Zn** (100 uM) whereas homomeric
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hTASK-3 channels are substantially (~70%) blocked at this concen-
tration (Leonoudakis et al., 1998; Clarke et al., 2003, 2004). Bath-
application of Zn*" (100-300 um) did not significantly affect facial
motoneuron membrane current (+3 = 1.7 pA at —60 mV) or membrane
slope conductance (5 = 0.5 to 5.5 + 0.5 nS in the presence of Zn**
over the range —90 to —60 mV, n = 5) in pH 7.4 ACSF. In the same
facial motoneurons, superfusion with pH 6 ACSF induced an inward
current of —49 + 11 pA and decreased membrane conductance to
3.6 £ 0.7 nS. I,y obtained by changing external pH from 6 to 7.7 was
unaffected by the presence of Zn>". Consistent with its lack of effect on
Ion, Zn** (100300 pm) also failed to alter Iy (Fig. 5D). Thus, inward
Iy at the holding potential (=52 mV, 7 mM [K'],) was —51 + 20 pA
(n = 2) and outward Iy, at —102 mV was 92 + 28 pA (n = 3). These
values compared with —44 + 13 pA and 88 + 29 pA at —52 mV and
—102 mV, respectively, in the presence of Zn** (300 pm). Despite this
lack of effect on gK{ cax, Zn*" did inhibit a small enhancement of gCa>"
seen in some facial motoneurons (Fig. 5D).

The local anaesthetic bupivacaine has been shown to block non-
selectively TASK-1 and TASK-3 channels with ICs, values of about
100 uMm (Leonoudakis et al., 1998; Kim et al., 2000). Bupivacaine
(100 pMm) induced an inward current in four facial motoneurons tested
but in two further motoneurons bupivacaine (50 um) failed to alter
membrane current. At a holding potential of =50 mV (3 mm [K'],)
bupivacaine (100 uM) induced a current of —49 £ 12 pA (n = 4),
which reversed at —87 = 3 mV and displayed the linear I/V relation-
ship characteristic of inhibition of gKj ..« (Fig. SE). The NA-induced
inward current was partially and reversibly occluded by bupivacaine.
Thus, NA (10 uM) induced a current of —137 +33 pA and
—94 + 22 pA in the absence and presence of bupivacaine, respect-
ively, representing occlusion by 29 + 8%.

The effects of isoflurane on gKeax

In a recent study of rat TASK channels the volatile anaesthetic
isoflurane inhibited homomeric TASK-1 current but enhanced current
carried by homomeric TASK-3 and heteromeric TASK-1/TASK-3
channels (Berg et al., 2004). This enhancement was seen even when
the current was optimally activated by external pH. We investigated
the effects of isoflurane on facial motoneuron gKj.. when the
conductance was optimally activated by an external solution of pH 8.
Bath-application of isoflurane (see Methods for solution preparation)
increased gKjp., in four out of five facial motoneurons tested
(Viey = =63 £ 2 mV in ACSF containing 7 mM K, Fig. 6A and B).
Expressed as a percentage of the maximal pH-sensitive current at
—100 mV, obtained by exposing each facial motoneuron sequentially
to ACSF of pH 8 and pH 6, isoflurane enhanced the pH-sensitive
current by 55 + 6% (n = 4). It is noteworthy that in the remaining
facial motoneuron isoflurane reversibly and reproducibly inhibited
gKLeak~

The effects of Ba®*, Cs* and Rb* on 9K cax

Block by external Ba®", Cs" and Rb" is a characteristic of inwardly
rectifying K channels and the effects of these ions on TASK channels
are subtype dependent. Ba®* (at concentrations of 0.5-2 mMm)
substantially blocks Iys at hyperpolarized potentials, where current
flow through gKj cq is inward, but has a much more limited effect at
depolarized potentials where current flow is outward. Thus, at
—117 mV and —-40 mV in the absence of Ba®", Iya was
139 + 81 pA and —74 + 12 pA whereas in its presence these values
were 16 = 14 pA and —47 + 4 pA, reflecting 10 + 6% and 75 + 9%
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FIG. 6. Isoflurane enhances the pH-sensitive leak K" conductance.
(A) I/V relationships obtained using voltage ramp commands from a facial
motoneuron superfused with pH 6, pH 7, pH 8 and pH 8 with isoflurane
(concentration as indicated in Methods) ACSF. Isoflurane (Iso) increases
gKieax even when the conductance is optimally activated by pH 8 ACSF.
(B) Subtraction of the plots shown in A indicating greater activation of the
pH-sensitive gKj ., in the presence of isoflurane (pH 6 — pH 8 + Iso) than in
its absence (pH 6 — pH 8).

of control values, respectively (n = 4) (Fig. 7A and B). We had
previously suggested that because the Ba**-sensitive component of Is.
ur (Larkman & Kelly, 1998) and now Iys displayed inward
rectification the actions of Ba*" might represent modulation of an
inwardly rectifying K conductance (gKj,) (Fig. 7C). However, fitting
a Boltzmann function to the chord conductance of the Ba**-sensitive
component of Iy, obtained in different [K'], indicated that the V5 of
activation was relatively independent of [K'],, and hence the Ex
(Fig. 7D, [K'lo=3mM, Vys=-23mV, slope =-8.5mV;
[K']o = 12 mM, Vo5 =-29 mV, slope = —10.2 mV), suggesting
properties distinct from gKj.

The effect of Ba®" on facial motoneuron membrane conductance
does, however, appear to result from inhibition of both gKj .. and
gKi. At pH 6, where I,y is maximally inhibited, Ba®" inhibited an
inwardly rectifying component of membrane current that reversed at
the predicted Ex (data not shown). When external pH was raised to 7.7
the Ba*"-sensitive current was increased preferentially at hyperpolar-
ized potentials. Figure 7E indicates the properties of I,y obtained by
changing the external pH from 6 to 7.7 in the absence and presence of
Ba®". As for Iya, Ba®" displays a preferential block of I,y at
hyperpolarized potentials such that the Ba>'-sensitive I,y showed
similar voltage dependence to that of Ba**-sensitive Iya (Fig. 6F). At
—-90 mV Ba*" (1 mM) inhibited I by 84 £ 20% while at =30 mV
inhibition was 13 + 15% (n = 3, 7 mM [K']o, Vo = —66 + 1 mV).

Cs" (1 mM) induced an outward current of 181 + 17 pA at
—102 mV without significantly altering the holding current at
-52mV (10+3pA, n=2, pH=74, Tmm [K'],). At this
concentration Cs* significantly reduced Iy, at =102 mV to 15 £ 3%
of control but had less effect at the holding potential (79 + 8% of
control /) (Fig. 8A). The Vya was —67 = 1 mV and —67 = 2 mV in
the absence and presence of Cs", respectively. These effects were also
observed in 5 mM Cs* (n = 2). Cs" (300 pMm) had a smaller effect on
membrane current at —102 mV, reducing it by 69 + 2 pA again
without a significant effect at the holding potential (=8 + 5 pA,
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FIG. 7. Ba®" ions voltage-dependently block the NA- and pH-sensitive leak
K" conductance. (A and B) Plots of NA-induced current at different voltages
obtained in the absence and presence of Ba®>" (2 mm) in ACSF containing
3mM (A) and 12 mM (B) K'. Note the voltage dependence of the Ba*"
block. (C) Plots of the Ba®"-sensitive component of the NA-induced current
(Ina) obtained by subtraction of plots shown in A and B. (D) Plots of the
chord conductance (G) of the Ba**-sensitive component of the NA-induced
current (/ya) (obtained as described in Methods) against voltage. Curve fitting
was performed using eqn 2 (Methods). Vs were =23 mV and =29 mV and the
slopes were —8.5 mV and —10.2 mV in 3 and 12 mM K" ACSF, respectively.
Gaps were introduced into the traces because of a large increase in signal noise
as the membrane potential approached the Vya. (E) Plots of current induced
by switching from pH 7.7 to pH 6.5 ACSF at different voltages obtained in the
absence and presence of Ba>* (1 mm). ACSF contained 7 mm K. Note again
the voltage dependence of the Ba®" block. (F) Plot of the Ba®'-sensitive
component of /,;; obtained by subtraction of plots shown in E.

n = 2). This concentration of Cs* failed to alter Iy or Ly at any
potential (Fig. 8B) suggesting at least partial inhibition of gK;, but not
the pH- and NA-sensitive gKj q-

The block of TASK conductances by Ba®>" but not Cs" displays a
time dependence (Czirjak et al., 2001; Czirjak & Enyedi, 2002b).
Subtracted current records of Ba>*- and Cs'-sensitive 2K eax in facial
motoneurons evoked by voltage steps to —100 mV were indistin-
guishable in terms of the kinetics of block by either ion, both showing
rapid current block (data not shown).

Low permeability to Rb" is a characteristic of some inwardly
rectifying K* channels while several members of the TASK family
show considerable Rb" permeability (Lopes et al., 2000). Rb" voltage-
dependently blocked facial motoneuron Iy, in a manner similar to that
seen for Ba®" and Cs" (Fig. 8C). At —50 mV, NA (10 um) induced an
inward current of =33 £ 5 pA (n = 6) in ACSF containing 7 mM K*
and —23 + 6 pA when this was replaced with 7 mM Rb" (77 + 14% of
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FIG. 8. Cs" and Rb" ions voltage-dependently block the NA-induced current. (A and B) Plots of NA-induced current in the presence and absence of 1 mm
(A) or 300 pm (B) Cs*. Note that Control and Cs* plots in B superimpose, indicating that 1 mm but not 300 uM Cs" blocks Iy, preferentially at hyperpolarized
potentials. (C) Plots of NA-induced current in 7 mm K*- or 7 mM Rb"-containing ACSF. Rb" voltage-dependently blocks /y4. Records in A and B were from the

same facial motoneuron and were obtained in ACSF containing 7 mm K.
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FIG. 9. 4-Aminopyridine (4-AP), but not tetracthylammonium (TEA) blocks NA- and pH-sensitive currents in facial motoneurons. (A) Plots of NA-induced
current in the presence of TEA (30 mM, open squares), TEA and 4-AP (4 mM, filled triangles) and under control conditions with neither drug present (filled squares).
The block observed in the presence of 4-AP showed little voltage dependence. ACSF contained 3 mm K. (B and C) Plots showing the current induced by changing
from pH 7.5 to pH 6.5 ACSF is blocked by 4-AP (4 mM, B) but not by TEA (30 mm, C). ACSF contained 7 mm K.

control). At =100 mV, Iy, was +51 + 18 pA and —3 £ 11 pA in K*-
and Rb'-containing ACSF, respectively, reflecting a reduction to
-3 £ 11% of the control amplitude. Replacement of external K" with
Rb" also voltage-dependently inhibited 57 in facial motoneurons
(Larkman & Kelly, 1998).

The effects of TEA and 4-AP on 9K eax

We have previously characterized the sensitivity of /s.yr to the K*
channel blockers TEA and 4-AP (Larkman & Kelly, 1998). As can be
seen in Fig. 9 these channel blockers have closely similar actions on
Ina and Iy TEA (30 mM) added to either 3 or 12 mMm K* ACSF had
no significant effect on Iy over the potential range tested (n = 7,
Fig. 9A). The addition of 4-AP (4 mM) did, however, inhibit /ya over
the whole voltage range without altering the Vs (2 = 3, Fig. 9A).
Thus, at =100 mV, 4-AP reduced Iya to 37 £22% of the control
amplitude while at —40 mV Iys was 31 + 14% of the control level.
We next evaluated the effects of TEA and 4-AP on I,y evoked by
switching from ACSF of pH 7.5 to pH 6.5. I, was also unaffected by
TEA (30 mM) but could be inhibited by 4-AP at concentrations
equivalent to those required to block Ina (7 = 3, Fig. 9B and C). At
—100 mV and —40 mV, in the presence of TEA, I,5 was 86 = 14%
and 103 £ 3% of the control amplitudes, respectively, while addition
of 4-AP (4 mM) to the ACSF reduced these values to 19 + 11% and
32 + 8%, respectively.

Discussion

Amine neurotransmitters and external pH modulate the same
gKLeak

Our results characterize a pH-sensitive gKj .. that contributes to the
resting membrane conductance of neonatal rat facial motoneurons. NA
also inhibits a gKj.,x in neonatal rat facial motoneurons, as seen
previously in the adult rat, and several lines of evidence support the
idea that this is the pH-sensitive conductance. First, NA and lowering
external pH below the normal physiological level (pH 7.4) inhibited a
current that displayed rapid kinetics, a small amount of rectification
over the potential range —120 to —40 mV and a reversal potential at
the predicted Ex. Secondly, lowering external pH occluded the actions
of NA. Responses to NA were also occluded by S5-HT-induced
inhibition of gKj.,. Maximal concentrations of NA decreased
membrane conductance to a level very close to the maximum level
of inhibition obtained by lowering external pH. Thirdly, raising the
external pH above pH 7.4 induced an outward current associated with
an increase in membrane conductance and under these conditions the
amplitude of the inward current induced by NA was increased. Finally,
the pH- and NA-sensitive gK; ., displayed a common pharmacology
to a wide range of K™ channel blockers. In combination, these results
support a common target of modulation.

One possible explanation for the occlusion of the NA-mediated
response by low external pH is a change in protein structure that disrupts
agonist—receptor interactions. Reports suggest o- but not o;-adreno-
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ceptors display alterations in functional responses associated with
changes in agonist binding affinity over the pH range 6-8 (Curro &
Greenberg, 1983; Nunnari et al., 1987; Tateishi & Faber, 1995). Our
studies indicate an o-adrenoceptor mediates inhibition of gKj ey in
facial motoneurons. This is consistent with ligand-binding and in situ
hybridization data showing o;-adrenoceptor mRNA and protein
expression in all cranial motor nuclei (Pieribone et al., 1994). It is
therefore unlikely that occlusion of the NA-mediated modulation of
2K cax by low external pH is due to altered agonist—receptor interactions.

pH-sensitivity of the amine-sensitive 9K eax

The presence of mRNA for the pH-sensitive K" channels TASK-1 and
TASK-3 in the facial motor nucleus makes these channels potential
candidates for gKj ... (Talley er al., 2000; Karschin et al., 2001).
TASK-1 and TASK-3 channels mediate openly rectifying, non-
inactivating, whole-cell currents similar to the pH- and NA-sensitive
2K cax 1n facial motoneurons (Duprat et al., 1997; Leonoudakis et al.,
1998; Kim et al., 2000; Rajan et al., 2000; Talley et al., 2000; Vega-
Saenz de Miera et al., 2001). Activation and inactivation are described
as ‘instantaneous’. For example, TASK-3 channels expressed in
Xenopus oocytes displayed time constants of around 4 ms, not very
dissimilar from the values of 8-9 ms described here (Rajan ef al.,
2000). The sensitivity of TASK-1 channels to external pH lies across
the physiological range with a pK of about 7.3-7.5 (Duprat et al.,
1997; Talley et al., 2000). The pK for TASK-3 channels is
approximately one pH unit lower in the range 6-6.7 (Kim et al.,
2000; Rajan et al., 2000; Vega-Saenz de Miera et al., 2001) such that
at physiological pH a TASK-3-mediated conductance should be
maximally activated. The pH-sensitive gKj ..« of facial motoneurons
has a pK close to 7.1, between the published ranges for either
homomeric channel. At pH 7.4 it is activated to approximately 70% of
its maximal level, suggesting against a homomeric TASK-3 identity.
The pH-sensitivity of facial motoneuron gKj..« was determined in
physiological external [K'] (3 mM) so the pK cannot be attributed to a
previously described effect of high external [K'] on TASK-1 channels
(Lopes et al., 2000, 2001).

Interestingly, human Kir2.4 is inhibited by external H" over the
range pH 6-8 with a pK of 7.1 (Karschin et al., 1996; Topert et al.,
1998; Hughes et al., 2000). Kir2.4 mRNA, along with mRNA for
Kir2.1 and Kir2.2, is expressed in some neonatal rat facial motoneu-
rons. As such, determining pH-sensitivity alone may not be sufficient
to distinguish TASK and Kir2 channel types (Karschin & Karschin,
1997; Topert et al., 1998). It has, however, been suggested that rat
Kir2.4 channels are only slightly pH-sensitive (unpublished observa-
tions in Talley et al., 2000).

Pharmacology of the amine-sensitive gK| eax

The lack of effect of methanandamide or anandamide, with or without
pre-application of the metabolic inhibitor ATFK, suggests against a
TASK-1 identity for facial motoneuron gK| ., though as noted earlier
the potency of these ligands against rat TASK-1 channels is lower than
for human TASK-1 (Berg et al., 2004). Equally, the inability of RR to
block gKj .k suggests against a TASK-3 identity. The expected effects
of these ligands observed in cultured CG cells indicate that our
negative results cannot be attributed to factors that might affect the
activity of these drugs or their delivery to our slices. Recently, Zn>"
has been used to discriminate between human TASK-1 and TASK-3
channels (Clarke et al., 2003). Human TASK-1 is unaffected by Zn**
(100 pum) whereas the same concentration blocks hTASK-3 by greater
than 70% (ICso = ~20 pum). While the insensitivity of the pH- and

NA-sensitive gKj cax to Zn>" also argues against a TASK-3 channel
identity there is a suggestion that rat TASK-3 channels are insensitive
to Zn*" (100 pM) (Leonoudakis e al., 1998; Kim et al., 2000).
Recently, however, the gK; .. in rat CG neurons has been shown to be
substantially blocked by Zn** (100 pum) (Clarke et al., 2004).

It is of interest that the local anaesthetic bupivacaine inhibited a
conductance that shared the properties of gK; .. and at least partially
occluded the actions of NA in some facial motoneurons. Bupivacaine
inhibits both TASK-1 and TASK-3 channels with roughly equivalent
potency (Leonoudakis et al., 1998; Kim et al., 2000) and its ability to
block a pH-sensitive gKj., in thalamocortical neurons appears
sufficient to ascribe this a TASK channel-mediated conductance
(Meuth et al., 2003). Nevertheless, bupivacaine also has actions on
other channels including some voltage-gated K* channels (Gonzalez
et al., 2001). Thus, while the current blocked by bupivacaine in facial
motoneurons is consistent with a TASK-like gKj ..k, the additional
block of other K* channels may also contribute to the overall effect of
this drug.

Rb" voltage-dependently blocks the NA- and pH-sensitive gK cax
in facial motoneurons; however, the Rb" permeability of TASK-1
channels is equivalent to that of K, although with a lower relative
conductance (Lopes et al., 2000). This suggests that if TASK-1
channels underlie gK; .., Rb" might be expected at least partially to
support this conductance. Cs* (100 uM) partially blocks (~30%)
inward TASK-1 currents while inward and outward TASK-3 currents
are much less sensitive to Cs* (up to 10 mm) (Duprat et al., 1997;
Rajan et al., 2000; Meadows & Randall, 2001; Czirjak & Enyedi,
2002b). Block of facial motoneuron gKj . by Cs' again suggests
against TASK-3 channels, although the sensitivity and voltage-
dependent block also differ from TASK-1 channels

Ba®" blocks a significantly greater amount of inward current than
outward current through TASK-1 and TASK-3 channels (Czirjak
et al., 2000; Kim et al., 2000; Lopes et al., 2000, 2001; Millar et al.,
2000; Rajan et al., 2000; Vega-Saenz de Miera et al., 2001). The ICs,
for Ba®" against inward guinea-pig TASK-3 currents is about 300 um
while against outward current it is greater than 5 mM (Rajan et al.,
2000). Reported ICsy values of around 3 mM for rat and human
TASK-3 almost certainly reflect measurements made against outward
current (Kim et al., 2000; Vega-Saenz de Miera et al., 2001). Ba2"
blocks rat TASK-1 channels with an ICsq of around 400 pum and this is
both voltage- and pH-dependent, block decreasing with increasing
[H']o (Lopes et al., 2001). The effects of Ba** on facial motoneuron
2K e reported both here and earlier (Larkman & Kelly, 1998) are
consistent with a voltage-dependent block at micromolar concentra-
tions that clearly does not discriminate homomeric TASK-1 and
TASK-3 channels. The explanation for the absence of any time
dependence to the block of gKj .. by Ba®" is not clear, although our
experiments were performed in relatively low external [K'] compared
with the studies of TASK channels (Czirjak et al., 2001; Czirjak &
Enyedi, 2002b).

Kir channels, including members of the Kir2 family, display distinct
sensitivities to Cs* and Ba®". Block of Kir2.4 by Cs” is voltage
sensitive with an ICsy of about 100 M at =100 mV and 1 mM at
—60 mV (Hughes et al., 2000). Cs* (300 pm) blocked a gK;, in facial
motoneurons but at this concentration had no effect on either Iys or
I, even at hyperpolarized potentials. Ba®" blocks Kir2.4 (ICsy of
between 100 and 300 um) with potency similar to that described for
the amine-sensitive gKj .. in facial motoneurons; however, block of
Kir2.4 is relatively voltage-insensitive (Larkman & Kelly, 1998;
Hughes et al., 2000; Liu et al., 2001; Schram et al., 2002). Ba>" also
blocked a gK;, when the pH- and amine-sensitive gKj . was fully
inhibited by pH 6 ACSF. These results support the presence of a gKj;
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in facial motoneurons that is distinct from the pH- and amine-sensitive
8K eak-

Possible identities of facial motoneuron gKeax: TASK-1/
TASK-3 heterodimers

Although our results suggest against homomeric TASK-1 or TASK-3
channels, evidence indicates TASK-1 and TASK-3 interact to form
functional heterodimeric channels (Czirjak & Enyedi, 2002a; Talley &
Bayliss, 2002). Could facial motoneuron gKj .. be accounted for by
heteromeric TASK-1/TASK-3 channels? The pharmacologies of
homomeric TASK-1, homomeric TASK-3 and heteromeric TASK-
1/TASK-3 currents expressed in various systems and facial moto-
neuron gKj .. are compared in Table 1. It has been suggested that
heterodimer formation may be a favoured process when both TASK-1
and TASK-3 subunits are present, although recent studies on cultured
CG cells indicate both homomeric and heteromeric channels can also
coexist in the same cell (Czirjak & Enyedi, 2002a; Kang et al., 2004).
It has recently been observed that isoflurane enhances current carried
by heteromeric TASK-1/TASK-3 and homomeric TASK-3 channels
while inhibiting homomeric TASK-1 channels (Berg et al., 2004).
Isoflurane enhances facial motoneuron gKj .. while RR, the TASK-3
blocker, has no effect. Heteromeric TASK-1/TASK-3 channels are
insensitive to RR because the channel subunits must provide
symmetrical interaction sites for potency (Czirjak & Enyedi, 2002a;
Kang et al., 2004). These results are consistent with the suggestion
that heteromeric channels could account for facial motoneuron gKj cax.

The pK for heteromeric channels lies between the values for
homomeric TASK-1 and TASK-3 channels but is nearer that of TASK-1
(Czirjak & Enyedi, 2002a; Talley & Bayliss, 2002). The pK for facial
motoneuron gKj .., is also consistent with a heteromeric channel. The
pH-sensitivity of individual facial motoneurons did not differ
significantly from the population average, suggesting a single
population of pH-sensitive K channels predominates in these cells.
Nevertheless, the observation in one facial motoneuron that isoflurane
inhibited gKj ..., consistent with a TASK-1 channel identity (Berg
et al., 2004), suggests gK ..x may display some heterogeneity within
the facial motoneuron population.

Further evidence in favour of a heteromeric identity for facial
motoneuron gKj .,y is the observation that heteromeric channels share
the Zn>" insensitivity of TASK-1 homomers (Clarke et al., 2004). The
insensitivity of gKj .« to anandamide should be assessed in light of
the evidence that rat homomeric TASK-1 and TASK-3 channels
expressed in HEK 293 cells show lower sensitivity to anandamide and
methanandamide relative to human channels (Berg et al., 2004). In
addition, these compounds show little selectivity between different rat
channels. Anandamide (10 uM) blocks between 60 and 80% of the
current flowing through homomeric channels and ~50% flowing
through heteromeric channels. This latter observation is clearly at odds
with the suggestion that a heteromeric channel mediates gKj .k in
facial motoneurons. However, distinct cellular environments may
promote differences between endogenous channels and those
expressed in cell lines. The sensitivity of the TASK-1/TASK-3
heterodimer to bupivacaine and 4-AP is unknown. The lack of effect
of the selective blockers of the homomeric channels precludes any
quantification of the relative contributions of channel isoforms within
individual facial motoneurons similar to that performed elsewhere
(Berg et al., 2004).

The gK; ek in facial motoneurons displays properties of an amine-
sensitive gKj ., described in neonatal rat hypoglossal motoneurons
(Talley et al., 2000). First described as TASK-1, hypoglossal
motoneuron gKj..« displays pharmacological differences to the
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cloned rat TASK-1 channel and is also enhanced by isoflurane,
leading to the suggestion that it may be a heteromeric channel (Talley
et al., 2000; Talley & Bayliss, 2002; Berg et al., 2004). It is of interest
that the anandamide sensitivity of this gKj .. has not been described
(Berg et al., 2004).

Could other 2P K" channels underlie facial motoneuron gKj ¢o? A
recent study indicates protein for TASK-2 is found in the facial motor
nucleus (Gabriel et al., 2002). TASK-2 gives rise to outwardly
rectifying currents with a pK around 7.8, suggesting activation at
physiological pH. Outward current through TASK-2 channels is
relatively insensitive to Ba>* and Cs" and permeability to Rb" is less
than for K*, unlike TASK-1 (Reyes et al., 1998; Niemeyer et al., 2001;
Talley et al., 2001). TASK-2 is also blocked by bupivacaine (Kindler
et al., 2003). Nevertheless, alone this conductance could not account
for the whole range of pH sensitivity or linearity of the gKj ... The
CNS distribution of TASK-4 channels has not been established, but
they are activated by alkaline pH, show little activation at pH 7.5 and
have slow activation kinetics which distinguish them from gKj ., in
facial motoneurons (Decher et al., 2001). TASK-5 channels, either in
homomeric or heteromeric (with TASK-1) combinations, have so far
eluded functional characterization, but nevertheless mRNA does not
appear to be present in facial motoneurons (Ashmole et al., 2001;
Karschin et al., 2001).

Inwardly rectifying and voltage-gated K* channels

The absence of inward rectification in gKj ., might be expected to
preclude the involvement of Kir2.4 (and other Kir) channels.
Nevertheless, block of the amine-sensitive gKj c.c by Ba®* generates
an inwardly rectifying I/ V relationship. This could represent either the
voltage-dependent block of a single conductance or the block of an
inwardly rectifying conductance that contributes to the overall
properties of the gKj ..x. A characteristic of gKj, is that the V; s shifts
with [K'],, suggesting that the driving force on K' determines
activation rather than voltage alone (Yamaguchi et al., 1990).
Examination of the Ba®"-sensitive component of gKj.,, in facial
motoneurons indicated that ¥, s was relatively independent of [K'],,
suggesting a predominantly voltage-dependent block, distinct from the
properties of Kir channels. Nevertheless, it is a possibility that Kir2
heterotetramers in association with accessory [ subunits show
emergent properties distinct from homomeric channels (Schram
et al., 2002).

The NA- and pH-sensitive gKj .. in facial motoneurons is blocked
by 4-AP (4 mM) but not by TEA (30 mm). TASK-1 and TASK-3
channels are reported to be insensitive to both 4-AP and TEA (Duprat
et al., 1997; Leonoudakis et al., 1998; Czirjak et al., 2000; Kim ez al.,
2000; Lopes et al., 2000; Meadows & Randall, 2001; Vega-Saenz de
Miera et al., 2001). We have previously shown that 4-AP blocks fast
and slow transient outward K currents in facial motoneurons although
neither appears to contribute to the amine-sensitive gK ., (Larkman
& Kelly, 1998). Rapidly activating, slowly inactivating, 4-AP-
sensitive, voltage-gated K conductances have been characterized in
cardiac muscle (Boyle & Nerbonne, 1992). In particular, Kv1.5 has
been suggested to contribute a sustained current at depolarized
membrane potentials (reviewed by Nerbonne, 2000). Kv1.5 channels
are blocked by 4-AP, relatively TEA-insensitive, inhibited by acidosis,
blocked by bupivacaine (ECsy ~10 pm) and while being sensitive to
Zn*" the ECs, is close to 800 pM (Clémente-Chomienne ef al., 1999;
Steidl & Yool, 1999; Gonzalez et al., 2001; Kehl et al., 2002). The
presence of Kv1.5 protein in facial motoneurons is unknown, although
it is present in motoneurons at all levels of the spinal cord (Matus-
Leibovitch et al., 1996). Nevertheless, a pK around 6.2 and a restricted
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voltage range for sustained current between at best —60 and 0 mV
both suggest that alone these channels may not be sufficient to explain
the properties of facial motoneuron gKj c..

Possible functional implications of pH-sensitive gKj eax

Whether the pH-sensitivity of gKj ., is functionally important for facial
motoneurons is not clear. Changes in external pH are known to occur
during periods of ischaemia and hypoxia but functionally significant
physiological changes are less apparent. A small change in external pH
may be sufficient to alter the properties of gKj..; however, the
integrated response of the motoneuronal membrane is likely to involve
additional effects on other conductances. Experiments performed in the
absence of ZD-7288 indicated that changes in external pH across the
range pH 6-8 also altered ;, (our unpublished observations). The overall
change in facial motoneuron membrane conductance thus reflects the
integration of at least these two components. Nevertheless, modulation
of gK; cai by endogenous neurotransmitters, particularly NA and 5-HT,
indicates an important role in the priming and maintenance of facial
motoneuron membrane excitability during waking and states of sensory
arousal. Inhibition of facial motoneuron gKj..c by NA involves
activation of o adrenoceptors and it has been previously shown that
5-HT, receptors mediate similar actions of 5-HT (Larkman & Kelly,
1992). Both receptor subtypes couple through Gy proteins to
phospholipase C-mediated hydrolysis of phosphatidyl-4,5-inositol-
bisphosphate (PIP,). Consistent with this, G4-coupled muscarinic M,
and group 1 metabotropic glutamate receptors, but not Gj-coupled
muscarinic M, receptors, inhibit co-expressed human TASK-1 and
TASK-3 channels through a PIP, hydrolysis-dependent pathway
(Czirjak et al., 2001; Chemin et al., 2003).

Conclusion

While mRNA for TASK-1 and TASK-3 K' channel subunits is
expressed in the facial motor nucleus and the biophysical properties
and pH-sensitivity of gKj..« are reminiscent of TASK channel-
mediated conductances, the pharmacology of facial motoneuron
gKica does not clearly define it as being mediated by homomeric
TASK-1 or TASK-3 channels. Heteromeric TASK channels with
emergent properties could underlie this conductance, a suggestion
reinforced by the enhancement of gKj.., by isoflurane. While the
detection of TASK channel protein in facial motoneurons has proved
elusive, recent studies indicate TASK-1-like immunoreactivity in rat
facial motoneurons (Kindler et al., 2000; Kanjhan et al., 2004).
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