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1 Introduction

ATP-sensitive K+-channels (KATP-channels) are characterized by a strong inhibition of

channel activity by intracellular adenosine 5’-triphosphate (ATP). When ATP, which serves

as a cellular energy store, is depleted KATP-channels open to hyperpolarize the cell. Thus, they

couple cell metabolism to the electrical excitability of cells modulating a variety of cellular

functions, including insulin secretion from pancreatic β-cells, K+ recycling in renal epithelia,

and cytoprotection in cardiac and brain ischemia (Ashcroft, 1988; Cook et al., 1988; Misler

and Giebisch, 1992; Terzic et al., 1995). They are normally closed and open only when the

cell metabolism is impaired; thereby the cell is held in the resting state, which saves ATP that

remains available for the processes contributing to protection of the cell. There are, however,

exceptions to this rule such as the pancreatic β-cells (Ashcroft and Ashcroft, 1990; Smith et

al., 1990b) or hippocampal (Trafton et al., 1996) and respiratory (Pierrefiche et al., 1996)

neurons, where channels are open during the normal functioning of the cell. KATP-channels

were first discovered in cardiomyocytes (Noma, 1983) and later found in a variety of other

tissues, including pancreatic β-cells (Ashcroft et al., 1984; Cook and Hales, 1984), skeletal

muscle (Spruce et al., 1985) and smooth muscle (Standen et al., 1989). In addition, they were

described in several neurons in the brain, e.g. in the hippocampus (Zawar et al., 1999), cortex

(Jiang and Haddad, 1997) and brainstem (Pierrefiche et al., 1996; Karschin et al., 1998; Xia

and Haddad, 1991). In general, they can be expected to be present in cells, in which electrical

activity is linked to metabolism, glucose concentration, or oxygen levels.

1.1 KATP-channel structure

KATP-channels are heteromeric structures consisting of two types of subunits (Sakura et al.,

1995; Inagaki et al., 1995a): an inwardly rectifying K+-channel subunit (termed Kir6.1 or

Kir6.2) and a sulphonylurea receptor subunit (SUR), which is a member of the family of

ATP-binding cassette (ABC) transporter proteins (Figure 1). Two different Kir6 subunit genes

have been described, Kir6.1 and Kir6.2 (Sakura et al., 1995; Inagaki et al., 1995a), and the

two closely related genes encoding the sulphonylurea receptors SUR1 (high affinity receptor)
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and SUR2 (low affinity receptor) have also been cloned (Aguilar-Bryan et al., 1995; Inagaki

et al., 1996; Isomoto et al., 1996). Three different splice variants of SUR2 were identified:

SUR2A (Inagaki et al., 1996), SUR2B (Isomoto et al., 1996) and SUR2C (Chutkow et al.,

1996) (following the nomenclature proposed in Ashcroft and Gribble (1998)).

Each of the Kir-channel subunits has two putative transmembrane segments and a K+-ion

pore-forming region (H5) (Jan and Jan, 1994). Both Kir6.1 and Kir6.2 contain several

potential protein kinase A- and protein kinase C-phosphorylation sites (Inagaki et al., 1995a;

Inagaki et al., 1995b) as indicated in Figure 1A.

Although the SUR subunits were originally thought to have 13 transmembrane segments, a

17-transmembrane-segment model (Figure 1) was more recently proposed by Tusnady et al.

(1997). SUR is thought to have three transmembrane domains, which consist of five, six and

six transmembrane segments, respectively (Figure 1A). It is further assumed to contain

N-linked glycosylation sites, protein kinase A- and protein kinase C-dependent

phosphorylation sites, as well as two nucleotide binding folds (NBFs). Each NBF contains the

Walker A and B motifs (Virsolvy-Vergine et al., 1992), which are thought to be important for

nucleotide regulation of the functional activity of ABC proteins (Higgins, 1995).

The various Kir and SUR subunits combine to form functional KATP-channels with different

sensitivities to nucleotides and KATP-channel drugs (see chapter 1.2). KATP-channels are the

first example of a heteromultimeric complex assembled by an ion channel and a receptor that

are structurally unrelated to each other. Comparison of the properties of cloned and wild-type

KATP-channels suggests that the pancreatic β-cell and neuronal KATP-channels are composed

of Kir6.2 and SUR1, the cardiac type of Kir6.2 and SUR2A, the smooth muscle type of Kir6.2

and SUR2B and the vascular smooth muscle type of Kir6.1 and SUR2B (Sakura et al., 1995;

Inagaki et al., 1995a; Aguilar-Bryan et al., 1995; Inagaki et al., 1996; Isomoto et al., 1996;

Chutkow et al., 1996; Yamada et al., 1997). An ATP-insensitive, but MgGDP-activated,

channel is observed when Kir6.1 and SUR2B are coexpressed. Such a channel might

correspond to the nucleotide-activated channel found in some smooth muscle cells (Yamada

et al., 1997). As depicted in Figure 1B both subunits are required to coassemble in a 4:4

stoichiometry in order to form a functional channel (Clement et al., 1997; Inagaki et al., 1997;

Shyng and Nichols, 1997).
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Figure 1: The KATP-channel as a complex of Kir and SUR subunits. (A) Proposed membrane
topology of SUR1; 2A; 2B and Kir6.2; Kir6.1. Locations of Walker A motif (WA) and Walker B
motif (WB) are shown by boxes. Approximate location of potential protein kinase A- and protein
kinase C-dependent phosphorylation sites as well as N-linked glycosylations sites (in Kir6.2 and
SUR1) are indicated by open circles, filled circles and ΨΨΨΨ    , respectively. (B) A model for the
structure of a KATP-channel, which are assumed to be hetero-octamers assembled from four
Kir6.1/Kir6.2 subunits forming the K+ ion-permeable domain and four SUR1/SUR2 subunits.

1.2 KATP-channel drugs

Excised patch experiments showed that KATP-channels in the pancreatic β-cell are inhibited by

ATP, with a half-maximal inhibitory concentration (IC50) ranging from 15 to 40 µM

(Ashcroft and Kakei, 1989; Cook and Hales, 1984; Ohno-Shosaku et al., 1987; Rorsman et

al., 1989). However, perforated patch recordings have revealed that a certain number of

KATP-channels (~ 10 %) could be active under resting conditions at a normal intracellular ATP
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concentration that would close the channels in excised patches (Ashcroft and Ashcroft, 1990;

Smith et al., 1990b). Such findings indicate that other regulators in addition to ATP govern

the activity of KATP-channels. Table 1 lists the most important regulators of KATP-channels

and their sites of action.

Regulator Action Site of action

Nucleotide triphosphates (dual action)

1. Ligand action (ATP)

2. Hydrolysis-dependent action;
phosphorylation (MgATP)

inhibition

stimulation/
maintenance

Kir subunit

SUR subunit

Nucleotide diphospates (MgADP,
MgGDP)

stimulation SUR subunit

K+- channel opening drugs

(pinacidil, diazoxide, cromakalim)

stimulation SUR subunit

Sulfonylurea compounds

(glibenclamide, tolbutamide)

inhibition SUR subunit

G-protein (Gα)

PKA, PKC, PKG

modulation Kir subunit and

SUR subunit

pH modulation

Free radicals modulation

Disruption of cytoskeleton stimulation SUR subunit

Table 1: Major regulators of KATP-channels.

In contrast to the inhibition produced by ATP (ligand action), KATP-channel activity

disappears gradually in ATP free conditions – a phenomenon, which is called run-down.

Run-down was found to be reversed to some extent by reexposure to ATP. This action

required Mg2+, which suggests that MgATP maintains the channel activity through

phosphorylation, i.e. through a hydrolysis-dependent action (Furukawa et al., 1994; Ohno-

Shosaku et al., 1987; Takano et al., 1990). Nucleotide diphosphates, such as ADP, UDP and

GDP, were discovered to exert a stimulatory effect on KATP-channels in pancreatic, cardiac

and vascular smooth muscle tissues, especially in the presence of Mg2+ (Beech et al., 1993a;

Beech et al., 1993b; Dunne and Petersen, 1986; Findlay, 1987; Kajioka et al., 1991; Terzic et

al., 1994a). Several compounds that bind to the SUR subunit and stimulate KATP-channels are



Introduction                                                                                                                                                5

collectively called K+-channel openers (KCOs) (Edwards and Weston, 1993; Terzic et al.,

1995). Examples include diazoxide, pinacidil and cromakalim. KATP-channels are inhibited by

sulphonylurea compounds such as glibenclamide and tolbutamide, which act on a different

binding site on the SUR subunit. It was further reported that KATP-channels were modulated

by G proteins (Kirsch et al., 1990; Terzic et al., 1994b; Mironov et al., 1999), by

phosphorylation through protein kinase A (PKA), protein kinase G (PKG) and protein kinase

C (PKC) (Hu et al., 1996; Light et al., 1996; Liu et al., 1996; Mironov and Richter, 2000) as

well as by low acidosis or alkalosis (Cuevas et al., 1991; Koyano et al., 1993; Lederer and

Nichols, 1989; Proks et al., 1994) and oxygen free radicals (Tokube et al., 1996). The

channels are also modulated through the disruption of the cytoskeleton, which impairs the

ability of sulphonylureas to inhibit the channel (Brady et al., 1996; Yokoshiki et al., 1997). As

an underlying mechanism for this effect, it was suggested that actin filaments might connect

directly or through a linking protein with the SUR subunit and that the disruption of this

connection might result in the dissociation of the SUR subunit from the channel pore, thereby

effectively blocking any inhibitory signal from the SUR subunit (Baines et al., 1999; Metzger

et al., 1997; Yokoshiki et al., 1997; Loffler-Walz and Quast, 1998; Mironov and Richter,

2000).

1.3 KATP-channel gating kinetics

Studies of the kinetics of KATP-channels in skeletal and cardiac muscles, pancreas and neurons

suggest that their kinetic behavior is complex, with one or two open and several closed states,

and that channel openings are grouped into bursts separated by longer closed periods (Gillis et

al., 1989; Karschin et al., 1998; Alekseev et al., 1997; Trapp et al., 1998; Davies et al., 1992;

Davies, 1990; Davies et al., 1991). A number of different kinetic gating schemes have been

proposed for KATP-channels. Davies et al. (1992) and Spruce et al. (1987) suggested a model

for KATP-channels in frog skeletal muscle containing at least four closed and two open states

(Figure 2A). Some rate constants governing the transitions to the closed states of the scheme

were increased by ATP, while some rate constants governing transitions to the open states

were found to decrease by ATP-binding. An alternative model containing one open (O2) and

three closed states (C1, C3, and C4) as depicted in Figure 2B was proposed for the pancreatic
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β-cell by Gillis et al. (1989). Dwell time in state C1 corresponds to intraburst gaps, in C3 to

interburst gaps and in C4 to gaps between clusters of bursts.

A complex kinetic model of the ATP-dependent regulation of channel activity based on the

assumption of four sequential ATP-binding steps was suggested by Nichols et al. (1991) for

rat ventricular myocytes. The model assumes one ATP-independent closed state, one

ATP-independent open state, one ATP-dependent open state as well as four ATP-dependent

closed states reflecting the sequential binding of four ATP-molecules to the channel. The

binding of the first ATP-molecule is assumed to close the channel and subsequent

ATP-binding might then stabilize the blocked channel. Recently, Trapp et al. (1998) proposed

another model for the pancreatic β-cell (Figure 2C). In this model, C1 represents the short

closed state observed within a burst of openings, and C2 represents the long closed state as

observed in the absence of ATP, which governs the interburst duration. In the presence of

ATP, two additional closed states were found labeled C2 (ATP) and C3 (ATP).

C1

ATP

 O1  O2C2 C3 C4   C1

A

B

 O2 C
 3  C

 1C4

C
O

C2(ATP)C3(ATP)

C2

ATPATP

Figure 2: Kinetic gating schemes for KATP-channels. Models proposed by Spruce et al. (1987),
Gillis et al. (1989) and Trapp et al. (1998) are illustrated in (A), (B) and (C), respectively. Closed
states are depicted by ‘C’ and open states by ‘O’.
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1.4 Physiological role of KATP-channels in pancreas and heart

The functional significance of KATP-channels is well understood in the pancreas and the heart.

In the pancreas, KATP-channels act as a major regulator of insulin secretion. Hyperglycemia

resulting in an ATP-increase and antidiabetic sulphonylureas, such as glibenclamide, close

KATP-channels, thereby causing membrane depolarization, Ca2+ influx and insulin secretion.

KATP-channels are usually active in the resting pancreatic β-cells during fasting (2 - 3 mM

blood glucose). The electromotive force of the K+ current hyperpolarizes the cell, which leads

to closure of Ca2+-channels and a low intracellular Ca2+ concentration, which means a low rate

of insulin secretion. On the other hand, an increase in glucose following a meal raises the

intracellular ATP concentration via the Krebs cycle and results in KATP-channel closure and

thus membrane depolarization. Ca2+-influx through voltage-activated Ca2+-channels is then

stimulated leading to a rise of [Ca2+]i and insulin secretion (Smith et al., 1990b; Faehling and

Ashcroft, 1997; Misler et al., 1992).

KATP-channels have likewise been found at high densities in plasma membranes of cardiac

cells, where they modulate cardiac contractions during metabolic impairment (Terzic et al.,

1995). Specifically during ischemia, their opening protects against cellular damage of the

myocardium, limits infarct size and improves recovery of cardiac function during reperfusion,

acting as a cardioprotective mechanism (Hiraoka, 1997). Mitochondrial KATP-channels are

also associated with a mechanism termed ischemic preconditioning, which refers to the

increased myocardial tolerance against infarction following the exposure of myocytes to

periods of 3 - 10 min transient ischaemia (Liang, 1996; Yabe et al., 1995; Yao and Gross,

1994; Baines et al., 1999).

Oscillatory variations of KATP-conductances (gKATP) and membrane potentials were observed

both in pancreatic β-cells (Larsson et al., 1996) and in cardiomyocytes (O'Rourke et al.,

1994). In the pancreas a modulatory role is assigned to these fluctuations in gKATP in shaping

the firing pattern of these cells (Kinard et al., 1999), or it was proposed that oscillations in

KATP-channel activity themselves are the cause of oscillations in electrical activity causing

[Ca2+]i-fluctuations during glucose stimulation (Larsson et al., 1996). Similar behavior was

observed in cardiomyocytes (O'Rourke et al., 1994), where metabolic stress induced after

substrate deprivation initiated cyclic activation of KATP-channels and simultaneous
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suppression of depolarization-induced [Ca2+]i-transients. Such oscillations of KATP-currents

were completely blocked by the KATP-channel blocker glibenclamide and modulated by

changes in glucose metabolism, indicating that the oscillations were mediated by alterations in

glycolysis.

1.5 The respiratory network

The main function of respiration is an exchange of gases between the external and the internal

milieu of the organism. This gas exchange is a result of coordinated actions of the respiratory

and cardiovascular systems. The respiratory system controls ventilation of the lung, whereas

the cardiovascular system transports O2 and CO2 between the pulmonary and systemic

capillaries. Ventilation of the lung is caused by periodic movements of respiratory muscles.

The spinal motoneurons, which innervate these muscles, are activated by a rhythm-generating

network in the lower brainstem. This neuronal network is located in and near the nucleus

ambiguus, the pre-Bötzinger and Bötzinger complexes which together comprise the ventral

respiratory group (Schwarzacher et al., 1995; Smith et al., 1991).

The rhythmic slice preparation (Figure 3) contains this network and allows the investigation

of generation and modulation of the respiratory rhythm through electrophysiological tools. By

correlating neuronal activity with phrenic or hypoglossal nerve discharges (Richter, 1982;

Smith et al., 1990a; Ezure, 1990), respiratory neurons can be subdivided into several groups:

early-inspiratory, augmenting-inspiratory, late-inspiratory, post-inspiratory,

augmenting-expiratory and pre-inspiratory. Each group performs a specific function for

rhythm generation and pattern formation (Bianchi et al., 1995). The rhythmic activity of

respiratory neurons is a result of permanent afferent inputs that are summed to periodic

excitatory or inhibitory synaptic drive currents. Thus, during ongoing network activity the cell

membrane potential does not remain constant but rather fluctuates periodically, giving rise to

oscillations of [K+]e (Richter et al., 1978), [H+]i (Ballanyi et al., 1994) and [Ca2+]i (Frermann

et al., 1999). The neurotransmitters and neuromodulators involved in synaptic regulation of

the respiratory rhythm are glutamate (Greer et al., 1992), glycine and GABA (Champagnat et

al., 1982; Schmid et al., 1996; Pierrefiche et al., 1993) and – most importantly – serotonin,

adenosine and endorphines (Richter et al., 1999).
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Whole-Cell
Recording

-30

-60
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Figure 3: Rhythmic slice preparation. The upper panel on the left shows the rhythmic slice
preparation of the in vitro mouse. Note the location of the nucleus hypoglossus (XII) and the
nucleus ambiguus (NA). The right-hand panel displays the infrared (IR) image of a respiratory
neuron from the pre-Bötzinger complex (PBC) during a patch-clamp experiment. The
respiratory rhythm as recorded from hypoglossal nerve (XII) activity is depicted below together
with a voltage-clamp recording from an inspiratory neuron.
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1.6 Purinoceptors

Recently, there was evidence that in the respiratory network ATP is not only functioning as

energy storage, but also as a co-released neurotransmitter acting via purinergic receptors, also

termed purinoceptors (Thomas and Spyer, 2000; Thomas et al., 1999). Purinoceptors can be

subdivided into the adenosine-sensitive (P1, subclasses: A1 and A2) and the ATP/ADP-

sensitive (P2) types (Abbracchio and Burnstock, 1994). Neurons are known to express both

types of purinoceptors (Blazynski and Perez, 1991; Sawynok, 1998; Housley, 1998; Rudolphi

et al., 1992; Krishtal et al., 1988; Illes and Norenberg, 1993; Edwards, 1994; Zimmermann,

1994). Similar to GABA, glutamate, adenosine and 5-HT receptors, P2 purinoceptors either

function via fast ligand-gated channels or as G-protein coupled metabotropic receptors. Thus,

they are further subdivided into ionotropic P2X receptors (P2X1 - P2X7) and metabotropic

P2Y receptors (Abbracchio and Burnstock, 1998; King et al., 1998). One way of distinguishing

between P2 purinoceptor subtypes is through their agonist potency order, which is

α,β-methylene ATP (α,β-MeATP) > ATP = 2-methylthio-ATP for P2X receptors and

2-methylthio-ATP > ATP > α,β-MeATP for P2Y receptors (for a summary of purinoceptor

structure and properties see North and Barnard (1997)).

Metabotropic P2Y receptors modulate inward-rectifying Kir3.0-channels (Mosbacher et al.,

1998), muscarinic (KACH) channels (Matsuura and Ehara, 1996), delayed K+-channels

(Thomas and Hume, 1993) and high-voltage activated Ca2+-channels (Lim et al., 1997). There

is some discussion as to whether the effects are mediated indirectly by intracellular Ca2+

changes (Mironov, 1994), PKC activity (Nishizaki and Ikeuchi, 1996), or directly via

G-proteins and phospholipase C (PLC) or phospholipase A2 (PLA2) (Illes and Norenberg,

1993; Zimmermann, 1994; Abbracchio and Burnstock, 1998). P2Y receptors were also found

to affect adenylyl cyclase (Murayama et al., 1998) and the cytoskeleton (Vaziri and Downes,

1992). All these factors are known to modulate the activity and ATP-sensitivity of

KATP-channels. Thus, it is a reasonable question to ask whether KATP-channels are modulated

by purinoceptor activation. In contrast to adenosine A1 and A2 receptors, which were found to

activate KATP-channels (Miura and Tsuchida, 1999; Kim et al., 1997; Tang et al., 1999;

Mironov et al., 1999), little is known about the effect of P2X and P2Y receptor activation on

KATP-channel activity.
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1.7 KATP-channels in respiratory neurons

KATP-channels in respiratory neurons were first reported in expiratory neurons of the

anaesthetized cat (Pierrefiche et al., 1996), where intracellular injection of ATP reversibly

depolarized neurons during all phases of the respiratory cycle. Application of

diazoxide/tolbutamide led to membrane hyperpolarization/depolarization of most neurons and

extracellular application of tolbutamide blocked a persistent outward current during

voltage-clamp experiments. This indicates that KATP-channels are partly activated during

normal conditions, which might be due to ongoing electrical activity in these rhythmically

active neurons.

In inspiratory neurons of the brainstem slice preparation, KATP-channels of 75 pS conductance

were found that were inhibited by tolbutamide and glibenclamide and activated by diazoxide

(Mironov et al., 1998).

In other neurons, research on the functional significance of KATP-currents has so far mostly

concentrated on the modulatory effect on overall activities of cells rather than the periodic

activation of single KATP-channels. For this reason inspiratory neurons, which are persistently

active and every 3 - 4 sec discharge bursts of action potentials that last for 1 - 2 sec constitute

ideal probes for the study of periodic modulation of single KATP-channels. Since restoration of

ion distribution during their intense neuronal activity implies a high metabolic demand of

cells, KATP-channels can be expected to be rhythmically modulated contributing to the

periodic cell potential variations.

During hypoxia (i.e. reduction of oxygen supply to the tissue below physiological levels)

oscillations of the membrane potential of respiratory neurons are initially enhanced. The

respiratory network responds to hypoxia in a biphasic manner. An initial augmentation (i.e.

frequency and amplitudes of rhythmic activity increase) is followed by a secondary

depression (i.e. frequency and amplitudes of rhythmic activity decrease) as described by

Cherniack et al.(1970) and Richter et al.(1991). KATP-channels have been found to be

activated during such hypoxic depression of the metabolism and presumably contribute to the

depression of electrical activity (Mironov et al., 1998). Such activation could be due to a
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variety of mechanisms, such as a hypoxia-induced increase in ATP-consumption (Kass and

Lipton, 1982; Wilken et al., 1998) and/or a fall in intracellular pH during hypoxia (Findlay,

1992). In addition, glutamate, serotonin, adenosine and GABA, which are known to

contribute to the initial hypoxic response of the respiratory network (Richter et al., 1999),

might play a role. Agonists of their respective receptors as well as activators of the α−subunit

of G-proteins were found to modulate KATP-channels (Mironov et al., 1999; Mironov and

Richter, 2000), indicating that KATP-channels are modulated by G-proteins that are activated

by metabotropic receptors. Cells are also known to swell during hypoxia (Patel et al., 1998;

Haller et al., 1998b) due to a water influx following the intracellular accumulation of ions

(Na+, Ca2+, Cl-) during enhanced neuronal activity. The resulting mechanical stress to the

cytoskeleton might lead to an additional swelling-induced activation of KATP-channels.

1.8 Measurements of the intrinsic optical signal

Activity-induced cell swelling such as that occurring during hypoxia can be monitored

through changes in infrared light transmittance, termed the intrinsic optical signal (IOS).

The IOS provides a non-invasive technique for imaging “neuronal functions” in the living

brain. It originates from changes in the refractory indices of the cytoplasm and the

extracellular space that determine light transmittance and/or scattering. Thus, as the signal

arises from endogenous properties of the tissue it does not require cell labeling and is not

subject to bleaching and similar disadvantages of fluorescent dyes. The IOS imaging

technique has been applied to the intact brain as well as to slice preparations. IOSs have been

employed in the intact brain, e. g. to map the spatial distribution of neuronal activity patterns

and propagation of seizures (Federico et al., 1994). The technique was also used to examine

slices from hippocampus, neocortex and the retina in various pathological conditions.

The IOS has been shown to reflect changes in neuronal activity (Holthoff and Witte, 1998)

such as spreading depression in the retina (Fernandes de Lima et al., 1997; Ulmer et al., 1995)

and the hippocampus (Obeidat and Andrew, 1998; Muller and Somjen, 1998) or

excitotoxicity originating from enhanced release of excitatory neurotransmitters (Andrew et

al., 1999).
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The origin of the complex mechanisms underlying the IOS is, however, not yet completely

clear. There are strong indications that a large part of the IOS is determined by changes in cell

volume (Polischuk and Andrew, 1996; Andrew et al., 1996), which might originate from

neuronal swelling due to Na+, Ca2+, Cl- accumulation and concomitant water fluxes through

the cell membranes (Andrew and MacVicar, 1994) or from swelling of adjacent glial cells

buffering extracellular K+ that is released during neuronal activity (MacVicar and Hochman,

1991).

However, there is also evidence that not all aspects of the IOS can be explained in terms of

cell volume changes. Buchheim et al. (1999) found that electrical hyperactivity in

hippocampal-entorhinal slices of rat leads to diverse changes in the IOS during shrinkage of

the extracellular space, indicating the presence of another, cell volume-independent

mechanism of IOS change. Similarly, in hippocampal slices (Aitken et al., 1999) light

transmittance was found to increase during moderate hypotonia and decrease during severe

hypotonia even though cells continued to swell. Another puzzling piece of evidence is that

spreading depression, occurring during both normoxic and hypoxic conditions, leads to a

decrease in the intensity of transmitted light.

A possible explanation for all these phenomena could be that apart from cell volume changes

IOS is also affected by morphological changes of the distribution or volume of intracellular

organelles. Candidates for mechanisms leading to an increase in light scattering are

mitochondrial swelling (Aitken et al., 1999; Andrew et al., 1999) and/or dendritic beading

(Andrew et al., 1999), i.e. alterations in the dendritic shape that are typically a result of

excitotoxic injury (Hasbani et al., 1998).
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1.9 Tasks and aims of the present experiments

The aim of this work was to study KATP-channels in respiratory neurons of the pre-Bötzinger

complex (PBC). More specifically, the tasks were

1. to determine the molecular structure of KATP-channels, i.e. to identify the combination of

subunits (Kir6.1/Kir6.2 and SUR1/SUR2) present in respiratory neurons,

2. to analyze the gating kinetics of the channel and to propose a kinetic gating model based

on the log-likelihood  method,

3. to analyze rhythmic modulation of ongoing channel activity and identify factors

responsible for it,

4. to investigate the effect on rhythmic modulation of factors that are known to affect the

respiratory rhythmicity such as elevation of [K+]e and hypoxia,

5. to analyze the effect of extracellular ATP, acting via purinoceptors on KATP-channel

activity,

6. to give estimates of submembraneous [ATP]i-fluctuations that are based on open

probability kinetics as well as on measurements with the ratiometric dyes mag-fura-2 and

fura-2 and simulations of intracellular ion concentration changes, and

7. to examine the response of the respiratory network to hypoxia and especially the

involvement of mitochondrial KATP-channels using measurements of the intrinsic optical

signal (IOS).
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2 Materials and methods

2.1 Slice preparation

Experiments were performed on the medullary slice preparation from neonatal NMRI-mice

(P5 - P8) containing the core of the spontaneously active respiratory center. Tissue isolation

followed the approach developed for rats and mice (Smith et al., 1991; Mironov et al., 1998).

All animals were housed, cared for and euthanized in accordance to the recommendations of

the European Commission (No. L 358, ISSN 0378-6978), and protocols were approved by the

Committee for Animal Research, Göttingen University.

The brainstem-spinal cord was isolated in ice-cold artificial cerebrospinal fluid (ACSF,

composition listed below) and a single 700 µm thick transverse slice containing the

pre-Bötzinger complex was cut from the brainstem, transferred to the recording chamber and

mounted on the stage of an upright microscope (Axioscope, Zeiss, Oberkochen, Germany).

The slice was fully submerged in a continuously flowing ACSF (28 oC, 40 - 50 ml/min) that

was gassed with carbogen (95 % O2 and 5 % CO2). To prevent loss of the dissolved gases, the

perfusing solution was fed to the experimental chamber via stainless steel tubing. The

respiratory rhythm was stabilized by elevating network activity through increased levels of

[K+]e at 8 - 12 mM.

All drugs were added directly to the bath and arrived at the experimental chamber after a

delay of 8 - 12 sec. Drug wash-out was obtained by perfusing 400 - 500 ml fresh solution

containing control [K+]e. In order to induce hypoxic conditions in the slice, bath gassing was

changed from carbogen to 95 % N2 and 5 % CO2. Tissue oxygen pressure was measured using

oxygen-sensitive electrodes (Diamond Electro-Tech Inc., Ann Arbor, MI, USA) as described

previously (Mironov et al., 1998). A PO2 electrode was placed 100 ± 25 µm below the slice

surface, in a region where respiratory neurons were located. Some 15 - 20 sec after oxygen in

the perfusing solution was replaced by nitrogen, extracellular PO2 fell from 232 ± 39 to

6 ± 4 mmHg and remained constant (n = 15, P < 0.05) thereafter.
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2.2 Solutions

The ACSF solution was composed of (in mM concentrations): 128 NaCl, 3 KCl, 1.5 CaCl2,

1.0 MgSO4, 21 NaHCO3, 0.5 NaH2PO4, and 30 D-glucose. Solutions with elevated K+ were

obtained by replacing NaCl with KCl.

The standard patch pipette solution contained (in mM concentrations): 140 K-gluconate,

1 CaCl2, 2 MgCl2, 10 Hepes, 11 EGTA, 0.5 Na2ATP

The following intracellular solutions were used (in mM concentrations) for optical

measurements with the ratiometric dyes fura-2 or mag-fura-2: 140 K-gluconate, 1 CaCl2,

2 MgCl2, 10 Hepes, 11 EGTA, 2 Na2ATP, 1 mag-fura-2 or 0.3 fura-2.

Flash photolysis solutions for photolytic Ca2+ release were prepared as described in Haller et

al. (1998a) (in mM concentrations): 5 Na4DM-nitrophen (1-(2-nitro-4,5-dimethoxyphenyl)-

1,2-diaminoethane-N,N,N‘,N‘-tetraacetic acid, tetrasodium salt), 96 Cs-glutamate,

40 Cs-Hepes, 0.3 GTP, 4.5 mM CaCl2, 1 MgATP, 4 NaATP, 0.3 fura-2.

For flash photolysis of caged-ATP, the solution contained (in mM concentrations):

140 K-gluconate, 1 CaCl2, 2 MgCl2, 10 Hepes, 11 EGTA, 10 caged-ATP.

EGTA was ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic acid. Caged-ATP

was either 3-O-(1-(2-nitrophenyl)ethyl)adenosine-5‘-triphospate (NPE-caged-ATP),

3-O-(1-(4,5-dimethoxy-2-nitrophenyl)ethyl) adenosine-5‘-triphosphate (DMNPE-caged-ATP)

or adenosine 5‘-triphosphate, P2-(1,2-diphenyl-2-oxo)ethyl ester, ammonium salt

(desyl-caged-ATP).

The pH of the solutions was adjusted to 7.4 with KOH. The solutions‘ osmolarity ranged from

280 to 300 mosm. All caged substances and fluorescent dyes were obtained from Molecular

Probes (Leiden, Netherlands) and the other reagents were obtained from Sigma-Aldrich

(Deisenhofen, Germany).
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2.3 Experimental setup

The experimental setup allowed recordings in the whole-cell and cell-attached patch-clamp

modes, recordings of hypoglossal nerve (XII) activity and served for microfluorometric and

imaging measurements as well as the application of UV-flashes in flash photolysis

experiments (Figure 4).

Brainstem slices were placed into the recording chamber that was mounted on the stage of an

upright microscope (Axioscope, Zeiss, Oberkochen, Germany), which could be moved in X-Y

directions with a manipulator (Spindler & Hoyer, Göttingen). Hypoglossal activity was

recorded with a blunt suction electrode from the central end of XII rootlets to monitor central

respiratory rhythmicity. XII activity was amplified 5,000 - 10,000 times, bandpass filtered

(0.25 - 1.5 kHz), rectified and integrated (Paynter filter with a time constant of 50 - 100 ms).

Electrical signals were measured with an EPC-7 patch-clamp amplifier (ESF, Friedland,

Germany) and together with hypoglossal rootlet activity stored with a MacLab acquisition

system (WissTech GmbH, Spechbach, Germany). Voltage pulses were applied either via the

voltage output function of the MacLab-system or by the WinTida-system (Heka, Lambrecht,

Germany) via an ITC16 (Heka, Lambrecht, Germany).

For imaging and microfluorometric measurements, a CCD-Camera System (MicroMax,

Visitron Systems GmbH, Puchheim, Germany) was used which was controlled by the

software ‘Winview’ (Visitron Systems GmbH, Puchheim, Germany). The system could either

be operated in an ‘imaging mode’ to obtain cell images at a slow rate (2 - 3 images of

maximum size (768 x 512 pixels) per 10 sec) or in a faster-paced ‘photomultiplier-like mode’.

In the second mode, ‘regions of interest’ (ROIs) could be selected, and in the case of a single

approximately cell-sized ROI sample rates of ~ 1 - 5 Hz were reached. The microscope was

equipped with epifluorescent optics and a monochromator (T.I.L.L. Photonics, Planegg,

Germany) to allow fluorescence excitation at different wavelengths as well as a flash

photolysis system (Cairn Research Ltd., Faversham, UK) to provide high-intensity

UV-flashes.

The monochromator was controlled by ‘Winview’ via an AD-card. Operation of the camera

and monochromator could be started and terminated via a TTL-pulse from the

MacLab-system and was thus synchronized with electrophysiological recordings. The flash

photolysis system could also be operated from the MacLab-system through TTL-pulses.

The excitation light from the monochromator and the flash photolysis unit was coupled into

the microscope through a two port epifluorescence condenser (T.I.L.L. Photonics, Planegg,



Materials and methods                                                                                                                             18

Germany). Both light beams are combined by a sapphire window mounted at an angle of 45 °

to both light paths, which reflects 20 % and transmits 80 % of all incident light. They then

pass through a filter set designed for fura-2 measurements containing a bandpass excitation

filter (D 365 / 40), a beam-splitter (400 DCLP, which reflects the excitation light below

400 nm onto the specimen plane and allows transmission of emitted light above 400 nm) and

a bandpass emission filter (D 510 / 40) (AFanalysentechnik, Tübingen, Germany). To reduce

background fluorescence and to select the ROI, the light of both monochromator and flash

lamp was attenuated by adjustable diaphragms situated in front of the sapphire window

reducing the diameter of the illumination field in the object plane to 30 µm. Neurons were

positioned approximately in the center of the illumination field. A 63 x Achroplan objective

(Zeiss, Oberkochen, Germany) was used for microfluorometric measurements and either a

10 x Achroplan or 2.5 x Plan-Neofluar objective (Zeiss, Oberkochen, Germany) for

measurements of the intrinsic optical signal (IOS) of the network region.



Materials and methods                                                                                                                             19

Zeiss Axioskop

light guide

shortpass
KP 390

flash
lamp

light guide

monochromator

CCD-
Camera

sapphire
window

dichroic
mirror

emission
light

excitation
light

two port condensor system

computer

EPC-7

ITC-16

computer

MacLab-system

computer, Visitron System

patch
pipette

suction
electrode

diaphragm

IR illumination

RG 780

Figure 4: Experimental setup
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2.4 Electrophysiological recordings

Electrodes for patch-clamp recordings were obtained from borosilicate glass (Clarke

Electromedical, Pangbourne, UK) using a horizontal electrode puller (Zeitz, Munich,

Germany). They had tip openings of 1 - 2 µm and a DC resistance of 2 - 4 MΩ. Pipettes were

typically filled with approximately 15 µl intracellular solution but only with approximately

2 µl when the cell cytosol was harvested for PCR analysis. Electrodes with an imposed

internal hyperbaric pressure of were inserted into the slice with a PatchMan micromanipulator

(Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). Cells were either patched under

visual control or ‘blindly’ by advancing the pipette slowly through the tissue until an increase

in pipette series resistance indicated contact with a cell. Following the formation of a gigaseal

(generally higher than 2 GΩ), cells were identified as inspiratory by correlating their

spontaneous action potential discharge with rhythmic XII activity. Channel activity and spike

discharges were then recorded in the cell-attached mode (usually at an applied potential of

+40 mV that would correspond to a membrane potential of -100 mV assuming a resting

potential of -60 mV). A sample frequency of 4 kHz and a 1 kHz hardware filter were used for

single-channel recordings of long duration. For kinetic analysis, short time periods were

sampled at 10 kHz with a 3 kHz filter. To establish whole cell configuration, the patch

membrane was broken by negative pressure. Series resistance (approximately 10 - 20 MΩ)

was compensated by more than 80 %.

2.5 Fluorescent indicator dye measurements

The fluorescent indicator dyes fura-2 (Grynkiewicz et al., 1985) and mag-fura-2 (Konishi et

al., 1991) were used to measure intracellular Ca2+ and Mg2+. Both indicators absorb ultraviolet

light (< 400 nm) and emit light at maximal intensity around 510 nm (fura-2) or 490 nm

(mag-fura-2). Upon ion binding, the fluorescence spectrum changes, allowing an accurate

estimate of intracellular ion activities with the aid of ratiometric measurements. This shift in

absorption following the binding of Ca2+ (fura-2) or Mg2+ (mag-fura-2) can be visualized by

scanning the excitation spectrum between 250 and 450 nm, while monitoring the emission at

510 nm and 490 nm, respectively (Figure 5).
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A B

Figure 5: Fluorescence excitation spectra of fura-2 (A) and mag-fura-2 (B). Modified from the
Molecular Probes Catalog (Molecular Probes, Leiden, Netherlands)

When considering the ratios of emission intensities of different excitation wavelengths a

number of factors that perturb ion measurements based on single wavelength measurements

are eliminated. Specifically, ion-independent variables affecting the signal intensity such as

non-uniform distribution of dye concentration, dye bleaching and cell volume changes, are

cancelled since these parameters have a similar effect on emission intensities at both

wavelengths.

For measurements with fura-2 and mag-fura-2, cells were illuminated with alternating

wavelengths at their respective isosbestic points, where the fluorescence intensity is

independent of Ca2+ or Mg2+ concentration, and at 380 nm. The isosbestic wavelengths for

Ca2+ binding to fura-2 and for Ca2+ and Mg2+ binding to mag-fura-2 are 360 nm (Grynkiewicz

et al., 1985), 346 nm and 347 nm (Raju et al., 1989), respectively. Prior to establishment of

the whole-cell configuration, the background light was recorded, which originates primarily

from the illuminated portion of the patch pipette and the autofluorescence of the slice. Values

for both wavelengths were subtracted from the fluorescence signal offline.

Emission light was recorded with a CCD-camera.

The intracellular free Ca2+ concentration was determined through fura-2 measurements as

Ca2+[ ]
i

= Keff ⋅ R −R0

R1 − R
, (1)

where R = measured fluorescence ratio (emission 360 nm divided by emission at 380 nm), R1

and R0 = fluorescent ratios at very high and low Ca2+ concentrations, and Keff = effective
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dissociation constant. To determine R0, R1 and Keff an in-vitro calibration was performed

following the procedures described in Grynkiewicz et al. (1985) and Poenie and Tsien (1986).

For the experimental setup R0, R1 and Keff were found to be 0.29, 5.10 and 1.75 µM,

respectively.

2.6 Flash photolysis

Flash photolysis of photoactivatable or caged compounds allows the rapid and controlled

release of specific reagents (Kaplan and Ellis-Davies, 1988). The caging moiety is designed to

interfere with the binding or activity of the probe. It is detached when subjecting the caged

complex to brief UV-flashes at < 360 nm (Figure 6). This method was employed to elevate

the intracellular concentration of Ca2+ and ATP in inspiratory neurons. Caged-Ca2+ and

caged-ATP solutions were prepared (see chapter 2.2) following the procedures described by

Heinemann et al. (1994) and Haller et al. (1998a). Cells were loaded with the caged substance

via the patch-pipette in the whole-cell mode and subjected to short pulses from a flash

photolysis system (Cairn Research Ltd., Faversham, UK). The photolysis efficiency of the

flash lamp was found to be 55 % for a medium flash of ∼250 µs duration (flash lamp

capacitor with capacitance 3000 µF charged to 350 V) based on the calibration procedures

described in Heinemann et al. (1994).
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Photocleavage

Photocleavage

NPE-caged ATP

DMNPE-caged ATP

DM-nitrophen complexed with Ca2+

A                                       B

adenosine triphosphate (ATP)

Figure 6: Caged probes. (A) NPE-caged-ATP (top) and DMNPE-caged-ATP (bottom) are
ATP-analogs in which the terminal phosphate is esterified with a blocking group, rendering the
molecule biologically inactive. The caging group is removed photolytically by UV illumination.
(B) Upon illumination, the Ca2+-DM-nitrophen complex is cleaved to yield free Ca2+ and two
iminodiacetic acid photoproducts. The affinity of the photoproducts for Ca2+ is ~600,000 times
lower than that of DM-nitrophen.

2.7 Imaging of the intrinsic optical signal

For measurements of the intrinsic optical signal (IOS), slices were transilluminated using a

tungsten lamp that was controlled by a voltage-regulated power supply (Zeiss, Oberkochen,

Germany). Infrared illumination was obtained using a highpass filter (RG 780) which cut off

the light below 780 nm (Figure 4). Objective lenses of different magnification (2.5 x, 10 x)

were used to obtain images of the whole slice or distinct nuclei. Images were collected with a

CCD-camera (Visitron Systems GmbH, Puchheim, Germany) at the rates of up to 1 frame/s

following the procedure described by Andrew and MacVicar (1994). First, control images

were recorded, ROIs were defined and average light transmission for each ROI was used as

control value, To. The data collected afterwards were transformed into relative changes (in

percent) given by IOS = (∆T/To) 100 %. Images were presented using a pseudocolor intensity

scale.
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2.8 Molecular biology

In order to harvest cytosol for RT-PCR analysis, cells were patched and identified as

inspiratory neurons in the cell-attached configuration. After the whole-cell configuration was

established, constant suction was applied for 1 - 2 min to aspirate the cytoplasm, while the

access resistance was monitored to verify that the gigaseal formation remained intact.

aRNA amplification from single respiratory neurons was performed according to the

procedure described in detail by Eberwine et al. (1992). In brief, 2.5 mM dNTPs,

2 ng/µl T7-oligo-d(T)24 primer and 0.5 U/µl avian myeloblastosis virus (AMV) reverse

transcriptase (Roche Diagnostics, Mannheim, Germany) were mixed with the cytosol and

incubated at 37 °C for 60 - 90 min for reverse transcription. Second-strand synthesis was

performed with T4 DNA polymerase and Klenow fragment (1 U/µl each), followed by

treatment with S1 nuclease (1 U/µl) and subsequently Klenow enzyme (1 U/µl) to remove

hairpin loops and to produce blunt ends of the cDNA. After aRNA amplification with

100 U/µl T7 RNA polymerase, a second round of amplification, including the final synthesis

of double-stranded cDNA, was conducted to yield adequate amounts of template for the

expression profiling of different mRNAs from a single respiratory neuron. All amplification

steps were conducted under RNAse-free conditions. In the mouse both SUR1 and SUR2

genes contain multiple introns, but the Kir6 isoforms are intronless. To exclude

contaminations by genomic DNA, control experiments were performed without AMV reverse

transcriptase, or amplified aRNA was incubated after each amplification with RNAse-free

DNAse I at 37 °C for 1 h. Polymerase chain reaction (PCR) analysis was performed using as

template (i) 1/50 of the total volume of the final aRNA amplification product, and (ii)

alternatively, mRNA from single neurons that had been reverse transcribed for 60 min using

2.5 mM dNTPs, 25 µM random hexamer primers, 10 mM dithiothreitol, 2 U/µl RNAse

inhibitor and 10 U/µl M-MuLV reverse transcriptase (Roche Diagnistics). Kir6and SUR core

fragments were amplified with primers based on the cDNA sequences of Kir6.1 (Yamada et

al., 1997), Kir6.2 (Sakura et al., 1995), SUR1 (Aguilar-Bryan et al., 1995) and SUR2

(Isomoto et al., 1996). Sense and antisense primers were chosen to specifically amplify

fragments of 539 - 865 bp in length:

mKir6.1 (Genbank accession number D88159, 865 bp),

sense primer 5‘-GAAGATGCTGGCCAGGAAGAG-3‘,

antisense primer 5‘-CAGCCACTGACCTTGTCAACC-3‘;

mKir6.2 (MMU73626; 553 bp),
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sense primer 5‘-GGAGAGGAGGGCCCGCTTCGTGTC-3‘,

antisense primer 5‘-GGCGCTAATGATCATGCTTTTTCGGAGGTC-3‘;

rSUR1 (L40624, 539 bp),

sense primer 5‘- GCAGCCGAGAGCGAGGAAGATGA-3‘,

antisense primer 5‘-ACAGCCAGGGCGGAGACACAGAGTA-3‘;

mSUR2 (D86037, 603 bp),

sense primer 5‘-CGCGGCGGTCATCGTGCTC-3‘,

antisense primer 5‘-CGCCGCGCCTGCTCGTAGTT-3‘ (conserved for SUR2A and SUR2B).

PCR amplifications were run with taq polymerase (Qiagen, Hilden, Germany) for 35 cycles at

95 °C denaturing, 52 - 58 °C annealing, and 72 ° C extension for 1.5 min each, with a final

extension of 15 min at 72 °C. Amplified fragments were purified from agarose gels, digested

at terminal restriction sites or blunt ends produced, and ligated into pBluescriptSKII vector

(Stratagene, La Jolla, CA, USA). Double-stranded sequencing of the PCR products was

performed on both strands using the prism sequenase dye terminator kit on an automatic

sequencer (Perkin Elmer, Weiterstadt, Germany).
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3 Data analysis

3.1 KATP-channel kinetics

Data evaluation of KATP-channel data was performed offline. For single-channel analysis of

cell-attached recordings, action potential signals were removed. Channel kinetics were

analyzed with the QuB Software Suite developed by Qin, F., Auerbach, A. and Sachs, F.

(version: 24th July, 1999). These programs fit open and closed time histograms constructed

from idealized data to sums of exponentials using a maximum likelihood estimation algorithm

as described by Qin et al. (1996) and Qin et al. (1997). They yield estimates of the log-

likelihood as well as molecular rate constants. For a brief description of the method of

maximum likelihood estimation see Appendix.

Events that were shorter than a fixed dead time were not considered for analysis.

Theoretically, the minimal dead time is given by: dead time = 0.18 / (filter cut-off frequency)

(p. 500, Sakmann and Neher, (1995)) and was thus estimated to be 180 µs / 60 µs for

sampling with a 1 kHz / 3 kHz cut-off frequency. Empirically, it was found that a slightly

larger dead time of 200 µs had to be implemented to reliably estimate rate constants. No other

correction for short interval durations was used.

The QuB Software Suite further allowed the simulation of single-channel currents based on

the previously obtained rate constants.

3.2 KATP-channel modulation

Time windows of fixed durations of cell-attached channel recordings containing inspiratory

bursts (Figure 7A) were selected and then exported for analysis to Igor Pro (WaveMetrics,

Inc., Lake Oswego, USA). ‘Macros’ for analysis were written in the Igor Pro macro

programming language. An inspiratory burst consisted of 3 to 15 action potentials (APs).

Figure 7B shows an example of a selected time window of 3 sec duration. In order to avoid

artifacts, action potential (AP) discharges were first removed and the current values averaged

over the 5 ms before and after each AP were determined. The data during the AP were then

replaced by the smaller one of the two values (Figure 7C and D). Thus, channel openings

occurring during an AP-discharge were deleted and the open probability was consequently

underestimated during the respiratory burst. However, other methods – such as subtraction of
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a predetermined AP-template – were not feasible due to the variation in shape and amplitude

of APs even within a single burst. The duration of AP-discharges varied between experiments

– from 6 to 18 ms. The channel activity was isolated from background noise by setting all

points within a defined noise window (±5 pA) to baseline levels (Figure 7B, C, lowest traces).

In cases where the background noise was analyzed the window discriminator was narrowed to

±1 pA. Popen was determined by averaging up to 200 such traces, dividing the resulting trace

by the unitary current and the number of open channels that were identified, and finally

smoothing with a ‘box smoothing algorithm’.
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Figure 7: Analysis of rhythmic modulation of KATP-channels. (A) Sample trace of hypoglossal
(XII) nerve and cell-attached recording (Im). 3 sec windows were selected around the respiratory
peaks and then subjected to two steps of analysis as indicated in (B). First, APs were removed
and second, background noise was subtracted. To demonstrate AP subtraction, the marked
sections were presented at an extended scale (C and D).
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4 Results

4.1 Molecular biology of KATP-channels

As a first step the molecular composition of KATP-channels expressed in the medullary

inspiratory neurons of the mouse was identified. Cytoplasm from identified inspiratory

neurons was harvested through the patch electrode while the gigaseal formation was

maintained. The cytosolic material was either processed for aRNA/cDNA amplification or

directly reverse-transcribed for subsequent PCR analysis. Using primers for the Kir channel

subunits Kir6.1 and Kir6.2, and the SUR receptor subunits SUR1 and SUR2, and 1/50 of the

total volume of the amplified cDNA product in each reaction yielded high levels of both

Kir6.2 subunit- and SUR1 receptor-fragments (Figure 8). All Kir6 and SUR primers used

were tested for functionality and sensitivity with 0.05 - 0.1 ng of original cloned cDNA as

template (and 50 ng of mouse tissue DNA). Amplified fragments of the neurofilament middle

protein (NF-M) confirmed that the cytosol had been aspirated from neurons (action potential

discharges) and not from glial cells (silent cells; data not shown). Moreover, adequate H2O

controls performed for all primer combinations were found to be negative.

Figure 8 shows the Kir6/SUR expression profiling after aRNA processing for two inspiratory

neurons. The primer pair that was designed to amplify a Kir6.1 fragment amplified a strong

865 bp band from the vector template, but not from the cDNAs of the single respiratory

neurons (using 1/50 of the total aRNA amplification product). Likewise, the primer

combination that successfully amplified a 603 bp SUR2 fragment from atrial cDNA (50 ng)

failed to yield detectable amplification products from the single cell source. In contrast,

clearly detectable fragments were observed using Kir6.2 (552 bp) and SUR1 (539 bp) primers

with cDNA from the two nerve cells. The same expression pattern, i.e. strong expression of

Kir6.2/SUR1 and absence of Kir6.1/SUR2 signals, was detected in four additional inspiratory

neurons directly processed for RT-PCR after recording. When subcloned, grown to a large

scale and sequenced on both strands, the amplified fragments were always completely

identical to the published cDNA sequences. Thus, PCR analysis of unprocessed and T7

RNApolymerase-amplified RNA with specific primers suggests that SUR1 and Kir6.2

isoforms translate to form the major subtype of KATP-channel in brainstem respiratory

neurons.
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Figure 8: PCR analysis of amplified aRNA from single respiratory brainstem neurons. DNA
fragments are amplified with primer pairs specific to Kir6.1 (A), Kir6.2 (B), SUR1 (C) and
SUR2 (D). The first lanes next to the molecular weight marker (λλλλHindIII-ΦΦΦΦXHaeIII digest) are
H2O controls, templates in lanes 2 and 3 were of two different inspiratory neurons (INS#1,
INS#2), and lanes 4 used 0.1 ng of plasmid cDNA as positive control (except in (D) where 50 ng
of atrial cDNA were used). Primers were sensitivity-tested to amplify fragments of 865 bp
(Kir6.1), 553 bp (Kir6.2), 539 bp (SUR1) and 603 bp (SUR2). Fragment sizes of the molecular
marker are indicated on the right. Note that fragments amplified from single respiratory
neurons can only be detected for Kir6.2 and SUR1.
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4.2 Channel kinetics

KATP-channels in respiratory neurons were found to be active during normoxia. They were

identified by their conductance and gating characteristics as well as by specific KATP-channel

blockers (glibenclamide, tolbutamide) or openers (diazoxide, pinacidil) as described by

Mironov et al.(1998) (see Figure 9).

Figure 9: Properties of KATP-channels in inspiratory neurons. Inspiratory neurons express
KATP-channels of 75 pS conductance that are spontaneously active. They can be blocked by
glibenclamide and tolbutamide, activated by diazoxide and inhibited by [ATP]i (modified from
Mironov et al. (1998)).
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Figure 10A depicts the effects of pinacidil on KATP-channel activity in the cell-attached

recording mode. Each point corresponds to the open probability, popen, obtained from sweeps

of 2s duration chosen to surround one inspiratory burst. popen-values were calculated by

dividing the mean current by the unitary current and the number of open channels in a given

experiment. With pinacidil application, popen increased from 0.004 ± 0.004 to 0.011 ± 0.009

(P < 0.01).

Interestingly, some data sweeps displayed a much higher popen-value. This is due to a

transition of the channel to a second gating mode with higher activity. Figure 10B illustrates

the two different modes of channel activity exhibited in inspiratory neurons. The most

common mode was one with low popen (upper and lower pair of traces in Figure 10B). The

middle pair of traces depicts a high popen activity mode. All cell-attached recordings lasting

longer than 20 minutes displayed episodes of high activity with a mean duration of

5.36 ± 4.92 sec (n = 30, 5 different cells). The frequency of occurrence, number and duration

of these episodes varied between experiments. Due to these variations and the limited number

of episodes, the high activity data was not analyzed in more detail. However, it seems

important to note that the transition into the high activity mode was found to occur more

frequently during hypoxia, with the transition probability increasing from 9.7 ± 3.1 ⋅ 10-3 sec-1

at normoxia to 3.9 ± 0.6 ⋅ 10-3 sec-1 at hypoxia as depicted in Figure 10C.
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Figure 10: Two gating modes of the KATP-channel. (A) shows the changes in popen of a typical
experiment after application of 100 µµµµM pinacidil. Each point represents the mean open
probability measured during time periods surrounding an inspiratory burst. For computation of
popen, individual action potentials and background noise were eliminated as described in
chapter 3.2. Note that channel activity increases after pinacidil application. The channel
normally persists in a low activity mode and occasionally displays a mode of higher open
probability. (B) Consecutive cell-attached recordings at pipette potential –40 mV (sections
marked by * are displayed underneath with a higher time resolution) show an example of the
channel entering and exiting from a mode of high activity (middle traces). (C) Probability of
transition from the low activity mode to the high activity mode per second of normoxia or
hypoxia duration. Note the increase in the transition probability during hypoxia (4 cells).
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Before subjecting single-channel recordings to the log-likelihood analysis it was verified that

channels opened independently of each other. This is the case when the probability of seeing

1, 2, 3,..., N channels is very close to that predicted by the binomial distribution

P n( ) = N!

n! N − n( )! Popen
n 1− Popen( )N −n

, (2)

where P(n) is the probability that n channels are open out of a total of N. As can be seen in

Figure 11 very good fits were observed when only two channels were detected in the patch

(n = 4). In the case of multichannel recordings corresponding to the high activity gating mode

(n = 3) the fit was less good, possibly due to less accurate idealization of the channel data.

Previously, KATP-channels in inside-out recordings were reported to open independently only

in the absence of ATP and could not be fitted to a binomial distribution in the presence of

ATP (Spruce et al., 1987). No indication of such behavior was found here.
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Figure 11: Binomial analysis of cell-attached recordings. The left-hand side shows two short
samples (both raw and idealized traces) of the 10 sec recordings that were analyzed. Right-hand
side: the ordinate represents the probability, P, that a given number, n, of channels are open, the
abscissa the number of open channels, n. The histograms show the experimental probabilities for
a patch containing two channels (top) and a patch that was detected for four channels (bottom).

 represent the probabilities predicted by the binomial theorem, using the measured popen–values
for each channel. In the case of the multichannel patch the best fit was obtained when five
channels were assumed to be present in the patch, even though only four were observed in the
recording.
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A kinetic scheme describing the behavior of KATP-channels in cell-attached recording of

inspiratory neurons was obtained using the maximum likelihood approach as described in

chapter 3.1. This method allows comparison of a number of kinetic models containing

different numbers of open and closed states by calculating a model-specific parameter –

termed the log-likelihood – which reflects the respective probability of the model. Figure 12

displays the log-likelihoods for a variety of kinetic models as depicted on the left-hand side. It

can be seen that the log-likelihood reaches a maximum value for a model containing three

closed and two open states. In two of five analyzed cells a very small increase in

log-likelihood could be observed when a fourth open state was added. This indicates that a

fourth open state might be present but is not resolvable in all instances.

When the log-likelihood values of models of different ‘connectivities’ were compared, two

distinct classes of gating models emerged. For instance, the most simple version of the

‘five states-model’ (three closed, two open states), as marked by a box in Figure 12A, yielded

a significantly smaller log-likelihood value than models pertaining to a second class, where

both open states were connected to different closed states as indicated in Figure 12B. Several

examples models are given for both classes. Further analysis was based on the model marked

by a dark box in Figure 12B, which resembles most closely the scheme proposed by Trapp et

al. (1998).



Results                                                                                                                                                      36

25507C C O OC

C O 23468

23504C O O

25362C C O O

C C O O O

25511C C O OCC

25326C C O

C O C

kinetic model                   log-likelihood improvement(%)

0.2

7.9

8.7

8.7

8.1

C2

O1 O 2C1 C3

C

O

CC

OCOCC O

COOCC

log-likelihood=26368

C O

O

CC

C

O OCC

C O OCC

log-likelihood=25507

A

B

Figure 12: Kinetic models of KATP-channel gating. (A) The log-likelihood values for a number of
distinct gating models as well as their improvement with respect to the first model are indicated.
A maximal log-likelihood is typically reached for a model containing three closed and two open
states. In two out of five cases a small further increase is observed upon addition of a fourth
closed state. (B) Connectivity of model. Two different sets of connectivities yield two
log-likelihood values as indicated. The larger value is reached when both open states are
connected to at least one closed state and when at least two closed states are connected to open
states.
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To obtain valid log-likelihood estimates, only recordings containing a single KATP-channel

were analyzed. This was assumed to be the case when no more than one channel was

observed during prolonged single-channel recordings (> 5 minutes). The validity of this

assumption was checked after the analysis by simulating single-channel currents for one and

for two channels using the rate constants obtained through the log-likelihood method

(Figure 13). The simulations showed that the presence of two channels should become

apparent even in relatively short measurements of 8 sec duration, indicating that the initial

assumption was correct and the recordings indeed only contained a single channel.

200 ms
10 pA

single channel recording

one channel with popen=0.190

simulations

two channels with popen=0.095

Figure 13: Check for multiple KATP-channels in patch. A single-channel recording of a KATP-
channel (top) was simulated assuming either one channel of open probability 0.19 (middle) or
two channels of open probability 0.095 (bottom). In the second simulation, a simultaneous
opening of both channels occurred several times in the course of 8 sec, whereas no such
concurrence was observed in the raw data (top), indicating that only one channel is present in
the patch.
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The estimation of rate constants was complicated by the finding that the open probability of

KATP-channels underwent changes even during the course of one experiment. A mean open

probability of these channels could therefore not be determined. The reasons for these changes

remain unclear. It may be that cell metabolism is affected even during cell-attached

experiments, when the cytosol remains undisturbed, or that the cytoskeleton attached to the

patched membrane below the pipette is subjected to a certain tension, which might modulate

the channel biophysics. Figure 14 shows an example of channel activity and the changes of

rate constants within one experiment. It can be seen that rate constants changed quite

dramatically, which makes it impossible to give a meaningful set of averaged rates for

KATP-channels. There are, however, certain kinetic steps, which remain unaltered. For

instance, in all patches analyzed (n=5), transitions C2 → O1 and O2 → C3 consistently

displayed high rates, whereas the rates for the transition between open states O1 → O2 were

small. The transition that was most dramatically affected in the course of an experiment was

O1 → C1. In the example displayed in Figure 14 the corresponding rate constant decreased

from 619 s-1 to 65 s-1, indicating a pronounced increase in the dwell time in O1.
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Figure 14: Changes of channel activity and rate constants within 30 minutes of a sample
experiment. Raw cell-attached recording and idealized traces are presented on the left. Rate
constants (in units of 1/sec) determined for data of 10 sec duration are indicated next to the
corresponding transitions on the right. The rate constants of the transition O1 →→→→ C1 are
accentuated. Since the transitions O1 ←←←←→→→→ C1 and O1 ←←←←→→→→ C2 are equivalent, the model was
arbitrarily arranged so that C1 →→→→ O1 had the lower rate constant.
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When the channel entered a mode of high activity nearly all transition rates were increased

apart from the transition between open states and the transition O1 → C2 (Figure 15). This

latter transition fell significantly, again denoting a large increase in the dwell time in the state

O1. Analog to Trapp et al. (1998), it might be speculated that the transitions O1 ←→ C2 or

O1 ←→ C1 are ATP-dependent. The large change of rate constant might be a result of a

decreasing ATP-sensitivity in the high activity gating mode.
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Figure 15: Two modes of channel gating. Note that rate constants vary greatly between the two
gating modes of low and high activity.
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4.3 Effects of KATP-channel drugs on rhythmic activity

The normoxic and hypoxic activities of respiratory neurons are effectively modulated by

KATP-channels (Pierrefiche et al., 1996; Mironov et al., 1998). In order to test the contribution

of KATP-channels to the respiratory rhythm specific drugs, such as glibenclamide, tolbutamide

(blockers), diazoxide and pinacidil (openers), were applied. High concentrations of

KATP-channel drugs affected the amplitude of integrated hypoglossal (XII) bursts as

exemplified by Figure 16 (top). Application of diazoxide (300 - 500 µM, n = 5) led to a

decrease of integrated hypoglossal burst amplitude by 8.7 ± 9.0 % (P < 0.01), whereas

tolbutamide (300 - 500 µM, n = 6) and glibenclamide (30 - 50 µM, n = 4) resulted in an

increase of 9.6 ± 7.1 % (P < 0.01) within 10 minutes. The frequency of bursts was not

significantly affected. More importantly, the respiratory neurons also reacted to such

treatment in a similar manner. The amplitude of their synaptic drives decreased by

4.7 ± 9.0 % (n = 4) after application of activator drugs and increased by 4.9 ± 2.7 % (n = 4)

when channel blockers were applied (Figure 16).
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Figure 16: Respiratory rhythm and synaptic drive amplitude after KATP-channel drug appliction. The
upper panel shows the response of the respiratory network to diazoxide/glibenclamide application. The
amplitude of the integrated hypoglossal nerve (XII) activity decreases after diazoxide application and
increases after glibenclamide application.  (Below) Modulation of synaptic drives (membrance currents,
Im,  recorded in whole-cell mode at holding potential –60 mV) could only be discerned when 30 traces were
averaged and smoothed. As can be seen on the right-hand side, synaptic drive amplitude was affected in
the same way as hypoglossal activity; i.e. it decreases with diazoxide and increased with glibenclamide.
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4.4 Functional modulation of KATP-channel openings

The previous findings showed that KATP-channel activation modulates the respiratory rhythm.

Next, the question was addressed whether this effect is mediated through a periodical

fluctuation of channel activity during normal rhythmic (respiratory) bursting. A and B

displays recordings from two different inspiratory cells (upper curves). The lower traces show

time windows of 3 sec duration surrounding the inspiratory burst. The recordings from

hypoglossal rootlets (XII) and the underlying gray areas indicate the timing of the inspiratory

burst activity. The middle traces in grey color show sample traces of single cell-attached

recordings. Action potentials and background were eliminated (see chapter 3.2) in order to

isolate channel activities, as indicated by a superimposed trace in black. An accurate estimate

of open probability was obtained by averaging 200 such traces and smoothing the resulting

trace with a box smoothing algorithm.

A similar procedure was performed for time windows acquired before (Figure 17C) and after

(Figure 17D) respiratory bursts. Due to the variation of cycle lengths, a second burst

sometimes fell into this time interval as indicated by a second grey area on the left side of

Figure 17C and the right side of Figure 17D. The same effect explains why the mean of

hypoglossal activity does not show a single defined second peak, but rather a slight elevation

where a second respiratory burst would occur.

The pattern of popen-fluctuations was very consistent for all inspiratory neurons irrespective of

whether small or large variations of cycle and burst durations were observed. All the data

clearly revealed an increase of popen following every respiratory burst. During constant

respiratory burst discharges of neurons, popen-values typically increased by 30 % - 60 %.

Neither rise nor decline in popen could be reliably fitted with a simple exponential function.

Therefore, the parameters R∆T1/∆T2, t1/2(rise) and t1/2(fall) were defined (Figure 18), which

describe popen-fluctuations quantitatively. R∆T1/∆T2 represents the position of the popen-peak

within the respiratory cycle, whereas t1/2(rise) and t1/2(fall) yield information about burst

duration and burst kinetics. Mean values (± SD) for parameters obtained under control

conditions, hypoxia and with low [K+]e are listed in Table 2.
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Figure 17: Modulation of KATP-channel activity during a respiratory cycle. Neurons were first
identified as inspiratory by recording the bursting activity in the cell-attached mode with a
pipette potential of +40 mV and by correlating the membrane current, Im, with the integrated
hypoglossal rootlet activity (XII) (upper panels of A and B). The lower panels show a time
window selected around respiratory bursts. The respiratory burst is marked by a gray band.
The peak in the upper curves is the inspiratory hypoglossal activity averaged over 200 traces.
The traces below show a sample trace for the cell-attached recordings that were analyzed as
described in the text. The open probability, popen, was obtained by averaging over 200 traces.
Curves were smoothed with a box smoothing procedure. Alternatively, time windows were
selected to contain the time period before (C) and after (D) the respiratory burst.
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Figure 18: Parameters describing popen-fluctuations. For a quantitative description of the
changes in popen-fluctuations the following parameters were analyzed: R∆∆∆∆T1/∆∆∆∆T2 – the ratio of the
peak-to-peak duration, ∆∆∆∆T1, over the peak rise time ∆∆∆∆T2; t1/2(rise) – the rise time to
half-maximal values (amp/2) and t1/2(fall) – the time taken to fall from peak levels to
half-maximal values.

Control (10 cells) Hypoxia (4 cells) Low [K+]e (8 cells)

Cycle length/sec 3.09 ± 0.45 2.19 ± 0.31 6.24 ± 1.32

t1/2(rise)/sec 0.35 ± 0.12 0.67 ± 0.22 0.31 ± 0.09

t1/2(fall)/sec 0.47 ± 0.11 0.37 ± 0.11 0.48 ± 0.08

R∆T1/∆T2 2.81 ± 0.42 1.80 ± 0.21 5.70 ± 1.40

Table 2: Parameters describing the periodic modulation of popen (for description see text and
Figure 18)
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4.4.1 Estimates of fluctuations in [ATP]i

popen-values can be used to estimate the free ATP concentration, [ATP]i. According to

Ashcroft and Gribble (1998) experimental data are best described by a model assuming four

ATP-binding sites with equal affinities. Each of them may be located on one of the

presumably four Kir6.2 subunits constituting a channel (Nichols et al., 1991). When one of

these binding sites is occupied, the channel is blocked. For such a model, ATP concentrations

can be estimated by the equation [ATP]i = Kd(1/popen
1/4-1). Therefore, [ATP]i was computed

for popen-values obtained experimentally for the four binding sites model using a Kd-value of

29 µM as given by Ashcroft and Gribble (1998).

Figure 19 illustrates the temporal fluctuations of the estimated [ATP]i-values for the

popen-fluctuations depicted in Figure 17A and B. For all cells analyzed, baseline levels of

[ATP]i were in the range 10 - 200 µM and peak-to-peak variations occurring during the

respiratory cycle ranged between 5 and 40 µM. Higher baseline levels of [ATP]i gave rise to

larger amplitudes of [ATP]i-variations.

The estimated levels of free [ATP]i were about 10 times smaller than the generally assumed

total cytosolic ATP level. This discrepancy can be attributed to ATP-binding of Mg2+.

Assuming that the total ATP concentration is 1 mM (Kargacin and Kargacin, 1997), the free

ATP level was computed using Kd-values as given in Figure 27 for Ca2+ and Mg2+ complexes

with ATP, ADP. The total concentration of an endogenous cytoplasmic Ca2+-buffer with the

dissociation constant, Kd,Ca = 10 µM (Klingauf and Neher, 1997; Palecek et al., 1999), was

assumed to be 500 µM analog to motoneurons in the spinal cord (Palecek et al., 1999). For

Mg2+ binding to the endogenous buffer a dissociation constant Kd,Mg = 10 mM was

implemented as suggested by Kargacin and Kargacin (1997).

Total concentrations of these species were adjusted in order to obtain the desired free

concentrations of Ca2+, Mg2+, ADP and Ca2+-buffer (free [Ca2+]i  = 106 nM, free

[Mg2+]i  = 843 µM, free ADP = 54 µM and free buffer concentration = 232 µM). The

procedure gave an estimation of 107 µM for the free ATP concentration, which is well within

the range of the [ATP]i-values obtained by the above described estimation based on popen.

The periodic fall of free [ATP]i could be caused by ATP binding to Ca2+ as intracellular

[Ca2+]i fluctuates with rhythmic activity (Frermann et al., 1999), the amplitude being of the

order of 200 nM. Even allowing for much larger Ca2+-fluctuations of 5 µM in
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submembraneous compartments (Klingauf and Neher, 1997), the model predicts a

Ca2+-dependent [ATP]i-decrease of less than 5 µM (free [ATP]i = 103 µM, free

[Ca2+]i = 5.2 µM, free [Mg2+]i = 883 µM, free ADP = 26 µM and free buffer

concentration = 9.45 µM). Thus, changes in Ca2+ concentrations could account only for a

minor portion of the observed fluctuations of [ATP]i. Therefore, the more likely reason for

[ATP]i-fluctuations seems to be ATP-consumption during the respiratory burst due to the

operation of the Na+/K+-pump.

Assuming a 1:1 stoichiometry for ATP-consumption by the Na+/K+-ATPase and a transport of

2 K+ against 3 Na+, the local [ATP]i-changes could be directly obtained from the total

Na+-influx during a burst. Rose et al. (1999) measured AP-induced [Na+]i-transients, reaching

values of 4 mM during a train of 20 APs in dendritic spines. In inspiratory neurons, a burst

typically consisted of 5 APs, which would correspond to a [Na+]i-transient of 1 mM and to a

decrease of total [ATP]i by 333 µM. Assuming a decrease in total [ATP]i from 1 mM to

0.66 mM, a corresponding decrease of free [ATP]i from 107 µM to 55 µM was computed.

Such a decrease of approximately 50 µM only slightly exceeds the fluctuations in free [ATP]i

as calculated from popen during respiratory bursts.
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Figure 19: Estimate of [ATP]i. [ATP]i-values (lower panel) were estimated from popen

([ATP]i = Kd(1/popen
1/4-1)) with Kd = 29 µµµµM (Ashcroft and Gribble, 1998) for the two popen-traces

previously displayed in Figure 17A and B.
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4.4.2 Exceptions from popen modulation

Next, it was tested, whether the popen-fluctuations can also be observed in the high activity

gating mode. In Figure 20 respiratory bursts correlated with peak hypoglossal activity (XII)

are indicated by gray bands. The open probability corresponding to the ‘normal’ low activity

mode is given in the following two traces – one in terms of popen, the other in terms of the

percentage change of popen (n = 49). popen-fluctuations follow the pattern described above. The

corresponding traces are depicted below for time periods when the channel is in the mode of

high activity (n = 21). It can be seen that the respiratory fluctuations usually observed are

absent. This became obvious when the relative changes in popen were compared. In the low

activity mode, popen increased by up to 60 % during the periodic fluctuations, whereas

fluctuations never exceeded 15 % in the high activity mode. The effect could be observed in

4/5 cells analyzed, with only one cell also indicating popen-fluctuations in the high activity

mode.
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Figure 20: Modulation of popen in different channel gating modes. Respiratory bursts are
indicated by the transient peaks in integrated hypoglossal activity (XII) as indicated by the gray
lanes. popen and the corresponding change in popen are displayed below for time periods when the
channel is in the mode of low activity (n = 49) or high activity (n = 21). The periodic fluctuations
typical for ‘normal’ channel gating cannot be observed during periods of the high activity mode.
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In order to test whether the KATP-fluctuations described above were unique to inspiratory

neurons several controls were performed. Membrane depolarization of neurons underlying

rhythmic bursts sometimes led to a transient deflection of the baseline in cell-attached

recordings. In order to exclude the possibility that the popen-fluctuations observed were an

artifact due to such baseline fluctuations, the same procedure was employed to analyze traces

from respiratory neurons that did not exhibit KATP-channel activity (Figure 21B). The noise

subtraction criterion was lowered (see chapter 3.2). The mean fluctuations of 100 traces were

then displayed as a percentage change in fluctuations. It can be seen that the amplitudes of

fluctuations were much smaller than in the case of a respiratory neuron with channel activity

(Figure 21A). When spontaneously active KATP-channels as seen in tonic or silent cells in the

pre-Bötzinger complex were analyzed (Figure 21C and D, respectively), the fluctuations

exhibited only very small amplitudes or were absent.
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Figure 21: popen modulation in different cell types. Cell-attached recordings from inspiratory
cells without channel activity (2 cells), tonic cells and cells without action potential discharge
(2 cells) were used for controls (B, C and D, respectively). The analysis was performed as
described for Figure 17. The analysis in (B) was performed in order to exclude the possibility
that baseline fluctuations were responsible for apparent channel modulations. For this reason an
inspiratory neuron without channel activity was analyzed with a low-level noise subtraction
criterion – noise was subtracted only in a range of ±1pA from the baseline. A direct comparison
of popen-fluctuations is difficult because of the low open probabilities. Thus, the open
probabilities were not compared directly, but rather in terms of the degree of change of popen

expressed in percent. It can be seen that neither the cell in (B) nor (C) nor (D) displayed the
same pattern of channel modulation as an inspiratory neuron with channel openings (A). In
addition, amplitudes of fluctuations of popen were much lower than those observed under (A).
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4.4.3 Variation of cycle length

An effective tool that can be used to modulate periodic popen-fluctuations is the modification

of [K+]e. An increase/decrease of [K+]e leads to a decrease/increase of the mean cycle length.

Figure 22A shows traces of hypoglossal rootlet recordings (XII), popen-values for a [K+]e of

8 mM or 11 mM and estimated [ATP]i. At low [K+]e, the cycle length increased and the

averaged open probability decreased (3 cells). The only parameter that differed significantly

when traces of long cycle lengths (5 sec and above) were compared with control cycles

(length approximately 3 sec) was R∆T1/∆T2, which increased from 2.81 ± 0.42 (10 cells) at

elevated [K+]e to values of 5.70 ± 1.40 (8 cells) at low [K+]e (Table 2). Presumably, this

reflects a longer persistence of the channel in a low popen state before the onset of the next

burst when neuronal activity was low. The t1/2-values, however, were hardly affected, as burst

dynamics did not change considerably with variation of interburst intervals. A plot of mean

popen-values against cycle length is shown in Figure 22B. Linear regression gives a slope of

-0.0011 (r = -0.31; P < 0.01) for this particular experiment and an average slope of

-0.0012 ± 0.0011 for 10 cells. A possible explanation for this correlation would be that as

cycle length decreases, less time is available for ATP-replenishment between bursts, resulting

in a lower mean [ATP]i level and a higher mean popen.
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Figure 22: Modulation of KATP-channel activity for different cycle lengths. Fluctuations of popen

and [ATP]i with 8 mM (upper panel) or 11 mM [K+]e (lower panel). 100 traces of duration 5 sec
and 2.5 sec were selected for a [K+]e of 8 mM and 11 mM, respectively, and analyzed as
described in the text. Hypoglossal rootlet activity (XII), popen and [ATP]i were reproduced and
repeated twice (above) or four times (below). It can be seen that the cycle length decreases and
the mean open probability increases as [K+]e is elevated. However, the basic pattern of
fluctuation remains the same: popen rises during the inspiratory bursts and falls after the
inspiratory burst. (B) Plot of mean popen against cycle length for 71 consecutive traces. The
individual values are represented by empty circles, the linear regression by a straight line
(slope = -0.0011, P < 0.01). The mean slope obtained by linear regression from n = 10
experiments was -0.0012 ± 0.0011.
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4.4.4 Effect of hypoxia on KATP-channel modulation

Another manipulation, which affects cycle length dramatically, is hypoxia. Figure 23A shows

the response of hypoglossal activity to hypoxia. An initial hypoxic augmentation exhibiting an

increase in respiratory burst frequency is followed by a secondary hypoxic depression

revealing a decrease in burst frequency. The effect of hypoxia on popen-fluctuations was

analyzed by comparing the channel activities in control (indicated by a dark gray area) with

those measured during a period of enhanced neuronal activity (indicated by a light gray area)

shortly before the onset of hypoxic depression. During hypoxic depression of respiratory

activity, analyses could not be performed due to the low number of bursts in this time period

and the high variations in burst durations. The left panel of Figure 23B shows the mean

hypoglossal activity, a sample trace displaying a burst of action potentials and the mean popen

as well as [ATP]i for traces obtained under control conditions (n = 34). The right panel

displays the corresponding traces during the initial phase of hypoxia (n = 21). Traces were

reproduced twice during control and three times during hypoxia for better visualization of

periodic activities. The duration of respiratory bursts was marked by gray areas. It is

noteworthy that the channel activity is enhanced during hypoxia, presumably due to an overall

fall in [ATP]i levels.

During early hypoxia, t1/2(rise) and t1/2(fall) increased to 0.67 sec ± 0.22 sec (control: 0.35 sec

± 0.12 sec) and decreased to 0.38 sec ± 0.11 sec (control: 0.46 sec ± 0.11 sec), respectively

(see Table 2). Thus, popen continued to rise for a considerably longer time during a hypoxic

burst even when the total cycle length was decreased. A possible explanation of this effect

could be the increase of AP burst duration during hypoxia, an example of which can be seen

in the cell-attached traces displayed in Figure 23B. All four cells analyzed displayed

prolonged burst durations and increased numbers of APs, the burst duration increasing from

0.22 s to maximally 0.84 s and the number of APs increasing from 3.9 to 12.8 (data not

shown). The hypoxic rise of R∆T1/∆T2 observed most likely results from burst prolongation

leading to a prolonged period of ATP-depletion, ∆T1, accompanied by a shortening of cycle

duration, i.e. a decrease in ∆T2.
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Figure 23: Modulation of KATP-channel activity during hypoxia. (A) displays the response of
hypoglossal activity to hypoxia. An increase in respiratory burst frequency and amplitude
(hypoxic augmentation) is followed by a decrease in both parameters (hypoxic depression).
popen-values for control sweeps (dark gray area) and those for the augmentation phase of hypoxia
(light gray area) were analyzed separately. The mean open probability of KATP-channels and
calculated [ATP]i-values were then computed as described in the text. For control conditions (B,
upper panel, n = 34) traces were reproduced and duplicated, for hypoxic conditions (B, lower
panel, n = 21) traces were consecutively depicted three times. The durations of respiratory burst
activity were marked by gray areas. The open probability shows a marked increase during
hypoxia. R∆∆∆∆T1/∆∆∆∆T2, t1/2(rise) and t1/2(fall) were modulated during hypoxia in 4/4 cells (see text).
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4.5 Estimation of [ATP]i based on fluorometric measurements

It has been mentioned before that KATP-channels are strongly activated by hypoxia. Figure 24

shows the time course of this activation. It can be seen that channel activity reaches a plateau

during the phase of hypoxic depression, suggesting that KATP-channels might be involved in a

series of inhibitory mechanisms that are activated by hypoxia. A number of factors might lead

to hypoxic KATP-channel activation, ranging from decrease in [ATP]i and pH, and activation

of PKC and PKA, to disruption of the cytoskeleton during cell swelling.
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Figure 24: KATP-channels are activated by hypoxia. The upper traces show hypoglossal (XII)
activity, single-channel currents (Im) recorded in the cell-attached mode and the open
probability, popen. The small inserts below show data taken from the cell-attached recording
above (as indicated by *) and extended on a larger scale.
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In order to determine the contribution of [ATP]i the amplitude of the hypoxia-induced

[ATP]i-decrease was investigated: Intracellular ATP concentrations have been monitored

previously either directly using the chemiluminescent couple, luciferin-luciferase (Bowers et

al., 1993), or indirectly using the Mg2+ fluorescent indicator Magnesium Green (Leyssens et

al., 1996). Being single-wavelength methods it is not feasible to apply either in respiratory

neurons due to the strong cell swelling during hypoxia. Thus, only a ratiometric dye such as

mag-fura-2 allows reliable measurements. Use of a Mg2+-sensitive dye to provide an index of

changing ATP concentrations follows the rationale that bound Mg2+ is partially released as

ATP is hydrolyzed to ADP during hypoxia, due to the lower affinity of ADP for Mg2+. The

increase in free Mg2+, which can be estimated by a Mg2+-sensitive dye, thus reflects the

hypoxic fall of [ATP]i (Figure 25).

Mg2+

Ca2+

Mg-ATP

ADP

Pi

H2O

Ca

mag-fura-2

Mg-mag-fura-2

Figure 25: Indirect measurement of [ATP]i-changes based on mag-fura-2.

However, intracellular Ca2+ levels also increase during hypoxia (Ballanyi and Kulik, 1998).

This may be due to a Ca2+-influx through L-type Ca2+ channels or Ca2+ release from internal

stores, including mitochondria (Mironov, unpublished data). The mag-fura-2 signal is

therefore expected to depend on rises in both hypoxic Mg2+ and Ca2+. For this reason the

hypoxic Ca2+-increase was measured using the Ca2+-sensitive dye fura-2 (n = 3) as well as the

mag-fura-2 signal (n = 5) (Figure 26).
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Figure 26: Fluorometric measurements during hypoxia. The upper panel represents the
response of the hypoglossal nerve (XII) activity to hypoxia. The middle trace shows the Ca2+

signal as measured by fura-2. The lower trace displays the fall of free mag-fura-2 presented as
the ratio of the fluorescence signals measured at excitation wavelengths of 380 nm and 347 nm,
which reflects the concentration of free and total mag-fura-2, respectively. Fura-2 and
mag-fura-2 signals were measured in different cells filled with solutions containing either fura-2
or mag-fura-2.

Levels of intracellular Ca2+ concentration measured during hypoxia did not exceed levels of

200 - 300 nM, which is in agreement with values obtained by Ballanyi and Kulik (1998) in

dorsal vagus neurons of the brainstem. The mag-fura-2 signal is displayed as the relative

decrease (in percent) of the ratio of the signal measured at 380 nm and 347 nm. Thus, by

dividing the concentration of free mag-fura-2 (measured at 380 nm) by the concentration of

total mag-fura-2 (measured at 347 nm), an index is obtained for the decrease of free

mag-fura-2 corresponding to a decrease in [ATP]i. The average decrease in the mag-fura-2

signal at a time point three minutes after the onset of hypoxia was found to be 21.7 ± 4.8 %

(n = 5). It can be seen that the greatest rate of mag-fura-2 decrease is reached during the

augmentation phase of hypoxia and that the mag-fura-2 signal levels off toward the

depression phase. This is in good agreement with the time course observed for popen as seen in

Figure 24.

Knowledge of the hypoxic levels of intracellular Ca2+ allows an evaluation of the possible

contribution of Ca2+ to the mag-fura-2 signal. Calculation of the free concentrations was based
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on the total concentrations of Mg2+, Ca2+, ATP, ADP, EGTA and mag-fura-2 used for the

intracellular pipette solution (see chapter 2.2) and on the pKd values of the equilibrium

indicated in Figure 27 below. The equilibrium concentrations were calculated using a

Newton-Raphson iterative algorithm.

H4ATP ←1
a→ H3ATP- + H+ ←1

a
 → H2ATP2- + 2H+ ←4. 05

a
 →HATP3- + 3H+ ←6.95

b
 → ATP4- + 4H+

H4ADP      ←1
c
 → H3ADP- + H+   ←1

c
 → H2ADP2- + 2H+ ←3.96

c
 → HADP3- + 3H+ ←6.40

c
 → ADP4- + 4H+

H4EGTA ←2
d
 → H3EGTA- + H+ ←2.66

d
 → H2EGTA2- + 2H+←8.85

d
 →HEGTA3- + 3H+ ←9.47

d
 → EGTA4- + 4H+

CaHATP- ←4.69
c
 → CaATP2-  + H+ ←3.77

c
 → ATP4-  + 2H++ Ca2+

MgHATP- ←4.55
c
 → MgATP2-  + H+ ←4.06

c
 → ATP4-  + 2H++ Mg+

CaHADP- ←5.16→ CaADP2-  + H+ ←2.81→ ADP4-  + 2H++ Ca2+

MgHADP- ←4.91
c
 → MgADP2-  + H+ ←3.17

c
 → ADP4-  + H++ Mg2+

CaHEGTA- ←3.79
d
 → CaEGTA2-  + H+ ←10.97

d
 → EGTA4-  + H++ Ca2+

MgHEGTA- ←7.62
d
 → MgEGTA2-  + H+ ←5.21

d
 → EGTA4-  + H++ Mg2+

Ca-magfura ←5.40
e
 → magfura2-  + Ca2+

Mg-magfura ←2.70
e
 → magfura2-  + Mg2+

Figure 27: pKd values used for simulation. a from (Martell and Smith, 1982).  b from (Fabiato,
1981). c from (Smith and Martell, 1975a). d from (Smith and Martell, 1975b). e from (Konishi et
al., 1991).

Hypoxic conditions were simulated (Figure 28) by assuming an exponential fall of total ATP

concentrations from 2 mM to 22 µM and a concomitant rise of ADP concentrations

from 0 to 1.98 mM. Free concentrations were computed twice – once with a constant total

Ca2+ concentration of 1 mM and once with an assumed rise in total Ca2+ from 1 to 7 mM,

corresponding to a rise in free Ca2+ from 31 nm to 311 nm. The simulation did not account for

any diffusion of fresh solution from the patch pipette (see chapter 5). During hypoxia,

mag-fura-2 levels decreased by 14 % at resting Ca2+ and by 17 % when Ca2+ was assumed to

increase. This simulation thus indicates that intracellular Ca2+ will contribute no more than

approximately 18 % to the mag-fura-2 signal.
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Figure 28: Simulation of hypoxic effects: changes in the Ca2+ concentration contribute
approximately 20 % to the mag-fura-2 signal. The left side shows simulated changes in
intracellular Mg2+, Ca2+, EGTA and mag-fura-2 due to a presumed decrease in total
intracellular ATP concentration from 2 mM to 22 µµµµM, which is accompanied by a simultaneous
rise in ADP from 0 mM to 1.98 mM. The right column includes a simultaneous rise in free Ca2+

from 31 nM to 311 nM.

Assuming consequently that 80 % of the mag-fura-2 is actually due to an [ATP]i-decrease it

became possible to estimate the hypoxia-induced decrease in [ATP]i based on mag-fura-2

measurements as show in Figure 26. The resulting [ATP]i-trace is displayed in Figure 29.
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[ATP]i was computed for each point by slowly decreasing the total ATP concentration (initial

value 2 mM) until the estimated equilibrium concentration of free mag-fura-2 matched the

value observed in the experiment (± 5 %). Total [ADP]i was set to be 2 mM - ATP and [Ca2+]i

was set to a constant value of 1 mM. A decrease in [ATP]i of approximately 500 µM was

observed during hypoxia.
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R380/347/Ro  (%)

Figure 29: Estimate of intracellular decrease in [ATP]i during hypoxia. The lowest trace gives
the computed ATP concentrations reflecting the measured mag-fura-2 fluorescence signal
(middle trace).
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4.6 Effect of purinoceptor activation

As described in chapter 1.6, ATP is also known to act on neurons extracellularly, functioning

as a neurotransmitter. Previously, P2 purinoceptors have been reported to be involved in a

whole variety of ATP-induced responses of neurons ranging from total inhibition to excitation

of synaptic activity (for detailed descriptions see Illes and Norenberg (1993) and Harden et al.

(1995)).

Studies of the purine effects are complicated by the fact that apart from activating P2X- and

P2Y-purinoreceptors, ATP will also degrade to adenosine, which in turn is effective via

adenosine receptors. In preliminary single cell PCR experiments the presence of P2X- and

P2Y-purinoreceptors in respiratory neurons was revealed.

However, the effect of bath application of extracellular NaATP (500 µM - 1 mM) on the

respiratory rhythm was found to be quite variable. In 17 experiments respiratory bursts were

depressed in 7 cases and augmented in 10, but in 6 cases the augmentation was only transient,

lasting no longer than approximately 1 - 2 minutes, and was followed by a secondary

depression as exemplified by Figure 30. In most cases hypoglossal activity also exhibited a

transient rise in baseline similar to the response typically observed during hypoxia. In all

cases, the frequency decreased after ATP application. Amplitude and frequency of synaptic

drives typically changed in correlation with rhythmic activity. When the P2-antagonist

PPADS (pyridoxal-phosphate-6-azophenyl-2', 4'-disulphonic-acid) was added, the transient

augmentation was removed, but both depression and decrease in frequency persisted,

indicating that these two might be adenosine-mediated (and not purinoceptor-mediated)

responses. This would be in agreement with the adenosine responses described in Mironov et

al. (1999).
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Figure 30: Effect of extracellular ATP on rhythmic activity. Bath application of ATP sometimes
lead to a transient augmentation of rhythmic activity (XII) which is blocked by the
P2X receptor antagonist PPADS (pyridoxal-phosphate-6-azophenyl-2', 4'-disulphonic acid). The
upper trace shows the hypoglossal activity (XII) and the lower two traces the relative change in
amplitude, A/Ao and the cycle lengths. Burst amplitudes exhibited a PPADS-sensitive transient
augmentation followed by a PPADS-insensitive depression. The cycle lengths were observed to
increase after ATP application even in the presence of PPADS.

The assumption that purinoceptors contribute to the augmentation of respiratory activity is

further corroborated by the finding that a transient augmentation but no depression in

amplitude or frequency was observed following the application of the non-hydrolysable ATP

analog and P2 purinoceptor agonist alpha,beta-methyleneadenosine 5'-triphosphate

(α,β-MeATP) (Figure 31).
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Figure 31: Response of the respiratory center to purinoceptor activation. Integrated hypoglossal
nerve activity (XII) and membrane current (Im) were recorded after application of ATP (top)
and α,βα,βα,βα,β-MeATP (bottom). Sections marked by * are displayed on an extended scale underneath.
α,βα,βα,βα,β-MeATP induced an augmentation similar to the one observed after ATP application, but did
not elicit a secondary depression.
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Figure 32: Synaptric drives are modulated by ATP and α,βα,βα,βα,β−−−−MeATP. Averages of 10 are given
for hypoglossal bursts (XII) and the corresponding synaptic drives before and after application
of ATP (left) and α,βα,βα,βα,β−−−−MeATP (right). Drug application lead to an augmentation of the
respiratory burst as described before and a “narrowing” of the synaptic drive.

Interestingly, the shape of the synaptic drives is modulated following ATP or α,β-MeATP

application resulting in a “slimmer” synaptic drive (Figure 32) in all experiments analyzed

(n=5). Such findings suggest that purinoceptors contribute to the process involved in

rhythmogenesis. P2Y purinoceptors are known to activate phospholipase C (PLC) through a

GTP-liganded G-protein (Boyer et al., 1989; Berrie et al., 1989; Boyer et al., 1990; Boyer et

al., 1994) and PLC, in turn, has been reported to modulate KATP-channel activity (Hilgemann,

1997). For this reason P2Y purinoceptor activation would also be expected to affect

KATP-channel activity. In order to test whether KATP-channels in inspiratory neurons might be

modulated via this pathway, α,β-MeATP was applied in the cell-attached mode (Figure 33).

Channels were observed to be reversibly potentiated by α,β-MeATP, which corroborates a

participation of purinoceptors in KATP-channel modulation. The slow time course of the bath

application of agonists has made it impossible to examine the role of P2 receptor subtypes in

more detail.

α,β                                       Wash

10 pA

300 ms

-MeATP

C

O1

O2

Control

Figure 33: KATP-channels are potentiated by α,βα,βα,βα,β-MeATP.
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4.7 Flash photolysis of caged-Ca2+ and caged-ATP

A flash photolysis unit was integrated into the experimental setup with the aim of studying the

response of KATP-channels to fast elevations of [ATP]i using a caged-ATP probe.

As a first test of the flash photolysis unit, cells were loaded with a solution containing

caged-Ca2+ (see chapter 2.2). A medium flash of 250 µs duration with electrical parameters

3000 µF and 350 V was then applied. The light was additionally attenuated by a 50 % neutral

density filter. A flash induced a [Ca2+]i-transient of several seconds duration as monitored

with the Ca2+-sensitive dye fura-2 (Figure 34A). When flashes were given every 4 minutes the

resulting Ca2+-transients remained constant. However, during hypoxia the time course of

[Ca2+]i recovery changed. Generally, [Ca2+]i recovery is biexponential (Mironov, 1995), with

a fast component, which is determined by diffusion (and partially by Ca2+-pumps), and a slow

component, which is thought to result exclusively from Ca2+-pumps. Only the slow

component of Ca2+-transients could be measured accurately due to the slow sampling rate of

the camera. The corresponding time constants increased during hypoxia (Figure 34A).

Furthermore, [Ca2+]i did not recover or only very slowly recovered to baseline levels during

hypoxia. Both effects were reversible and Ca2+-transients restored their initial form after

10 minutes of reoxygenation. These observations indicate that [Ca2+]i-homeostasis is affected

during hypoxia.

Actually, [Ca2+]i-homeostasis depends strongly on [ATP]i because Ca2+-pumps in the plasma

membrane, intracellular Ca2+ stores, the endoplasmatic reticulum and mitochondria directly or

indirectly need the energy of ATP-hydrolysis/Ca-ATPase to transport Ca2+ out of the cell or

into internal stores. Thus, hypoxic disturbance of [Ca2+]i-homeostasis again indicates

decreases in [ATP]i After flash photolysis of caged Ca2+ an outward current was activated,

which was presumably mediated by Ca2+-activated K+-channels (Figure 34B).

In contrast to the flash photolysis of caged Ca2+, there were no effects when UV-flashes of

even maximal intensity were applied to cells that had been filled with either of the caged-ATP

solutions described in chapter 2.2. A variety of pulse protocols were tried to elicit a current or

voltage response following flash photolysis. Two examples are given in Figure 34C and D –

one for current-clamp (C) and one for voltage-clamp (D) experiments. Neither membrane

potentials nor currents were affected by flash photolysis of caged-ATP in either of the

protocols. Possible reasons for this lack of response are discussed in chapter 5.
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Figure 34: Flash photolysis of caged substances. (A) shows Ca2+-transient following the flash
photolysis of caged Ca2+ as measured by fura-2. The Ca2+-transient measured at
normoxia/hypoxia (average of 5 traces) is represented by a gray/black trace. Time constants of
exponential fits are indicated above. (B) A flash given during the pulse protocol indicated in the
insert resulted in the activation of an outward current. (C+D) Cell currents and potentials
remained unaffected by flash photolysis of caged-ATP. Neither in the current-clamp mode
(stimulus protocol as given in (C)) nor in the voltage-clamp mode (stimulus protocol as given in
(D)) were any effects observed following the photo-release of ATP.
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4.8 Measurements of the intrinsic optical signal (IOS)

4.8.1 IOS during cell swelling and hypoxia

In another set of experiments the intrinsic optical signal (IOS) of the rhythmic slice

preparation was monitored as a probe for neuronal activity. Research concentrated especially

on hypoxia-induced changes to the IOS.

Figure 35A shows the IR image of the preparation at low magnification. IOS measurements

focused on two regions that are functionally important in rhythm generation, the nucleus

ambiguus (n.a.) and the nucleus hypoglossus (XII) as defined by rectangles in Figure 35A.

The relative IOS changes in these regions during hypoxia are displayed in Figure 35B using a

pseudocolor scale. It was seen that the IOS showed a pronounced increase within 4 minutes

after oxygen depletion and recovered completely after 15 minutes of reoxygenation.

Individual cells were observed to swell during hypoxia (Figure 35C). Cell volume changes of

identified inspiratory neurons were monitored in cells loaded with mag-fura-2. The dye was

excited at its isosbestic point for Ca2+ binding (346 nm) in order to eliminate the contribution

of the hypoxic rise in Ca2+ to the fluorescence signal. The cell contours were defined from

corresponding cell masks obtained by setting a threshold light intensity (right-hand side of

Figure 35C). The lowermost images represent the difference between the mask obtained after

4 minutes of hypoxia and the control one. The areas of volume increase of the cell are

highlighted by red (positive) regions.
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Figure 35: Intrinsic optical signal and cell volume changes during hypoxia. (A) Subtraction
image of slice. Use of the subtraction algorithm eliminates the nylon mesh and the stabilizing
‘horse-shoe’ from the image. The boxes mark the regions of the nucleus hypoglossus and nucleus
ambiguus displayed in pseudocolors in B (n = 11). (B) The IOS displayed a reversible hypoxic
increase of up to 40 %. (C) During hypoxia an identified inspiratory neuron filled with mag-
fura-2 was observed to swell (n = 3).  The images on the left-hand side display pictures take
before (top) and during hypoxia (bottom) which were then subjected to a threshold procedure
(right-hand side). Finally, the control picture is subtracted from the hypoxia picture. The
resulting image, which clearly demonstrates a volume increase, is displayed in pseudocolors
below.
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The IOS changed during various maneuvers that induced modification of the respiratory

activity. Figure 36 shows simultaneous measurements of the respiratory output as indicated in

hypoglossal nerve activity (XII) and the corresponding IOS obtained from the nucleus

hypoglossus (gray trace) and the nucleus ambiguus (black trace). Increase of K+ concentration

within the external bath solution from 3 mM to 9 mM (Figure 36A) resulted in the appearance

of the rhythmic activity, which was accompanied by a significant rise in IOS. The IOS was

also reversibly changed during variations in the osmolarity of the perfusion solution

(Figure 36B). In slices exposed to a hyperosmotic solution (+15 mosm) obtained by addition

of mannitol, the IOS declined, whereas there was a rise in IOS in hyposmotic medium

(-15 mosm). In both cases the IOS returned to control levels within 15 minutes after

restoration of isosmotic conditions. Thus, as expected, cell swelling caused an increase in

light transmittance whereas shrinkage resulted in a decrease.

As was mentioned before, hypoxia leads to an initial augmentation of respiratory activity

followed by a secondary depression (Cherniack et al., 1970; Richter et al., 1991)

(Figure 36C). Correspondingly, the IOS rose steeply throughout the initial phase of hypoxic

augmentation. During the secondary depressive phase, IOS continued to rise, but the rate of

IOS rise (displayed below) decreased and in some cases the IOS leveled off.

Metabolic poisoning with KCN elicited responses similar to hypoxia (Figure 36D) and

occluded the subsequent hypoxic reactions. Respiratory activity and IOS recovered fully after

wash-out of KCN.

IOS signals obtained from the two nuclei differed. During the initial phase of hypoxia and

after changing extracellular K+, both the amplitude and the rate of IOS rise were larger in the

nucleus hypoglossus than in the nucleus ambiguus (Figure 36A, C, D). However, there were

no such regional differences after changing the osmolarity of the perfusion solution

(Figure 36B).
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Figure 36: Hypoglossal nerve activity and IOS recorded from nucleus hypoglossus (XII) and
nucleus ambiguus (na). (A) When extracellular K+ was elevated the respiratory rhythm
appeared (upper trace) and the IOS (lower trace) increased both in the nucl. amb. (na) and the
nucl. hypogl. (XII) (n = 3). (B) The IOS rose during hyposmotic conditions and fell during
hyperosmotic conditions (n = 4). (C) During hypoxia, the IOS increased and returned to control
levels upon reoxygenation (n = 18). The same profile was displayed during chemical hypxia
(n = 2) (D). The respiratory rhythm (XII) exhibits a biphasic response to hypoxia consisting of
an initial augmentation and a subsequent depression (C and D, upper traces). The derivative of
∆T/To (Fig.2C and D, lowest traces) shows that the fastest change in IOS occurs approximately
toward the end of the augmentation phase of hypxia and that rate of increase in IOS is greater
for nucl. amb. (na) than for nucl. hypogl. (XII).
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4.8.2 The hypoxic IOS response

Hypoxia induces the release of many neurotransmitters and neuromodulators (Richter et al.,

1999), which might contribute to the observed hypoxic IOS response. Therefore, the effect of

activation of specific ligand-controlled receptors was tested. Application of NMDA and

kainate led to a marked increase in the IOS, which was blocked by the specific antagonists

AP-5 and CNQX, respectively (Figure 37A and B). In contrast, addition of adenosine

(200 µM) induced only a slight and transient decrease in IOS (Figure 37C).
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Figure 37: Effect of application of neurotransmitters on IOS. Application of
N-methyl-D-aspartate (NMDA) (A) and kainate (B) led to an increase in IOS which could be
blocked by 2-amino-5-phosphonovaleate (AP-5) and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), respectively (n = 2). (C) Adenosine resulted in a small transient decrease in IOS (n = 3).
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All the data described so far indicate that those agents enhancing neuronal activity, such as

([K+]e, Glutamate receptor activation and early hypoxia, produce an increase in IOS, whereas

agents depressing spontaneous neuronal activity, such as adenosine, decrease IOS. It can be

assumed that both mechanisms contribute to the hypoxic IOS response. The decrease in slope

of the IOS during the depression phase of hypoxia (as seen in Figure 36C) could be explained

by the release of adenosine at the onset of hypoxic depression (Richter et al., 1999).

Another mechanism of the hypoxic IOS response might be cell swelling due to ATP-depletion

and depression of Na+/K+-ATPase activity in the plasma membrane which will be

accompanied by accumulation of intracellular Na+ and loss of intracellular K+. To test this

possibility the Na+/K+-ATPase blocker ouabain was applied. The respiratory activity showed

a hypoxia-like increase upon ouabain application, but the IOS baseline decreased

(Figure 38A). In the presence of ouabain, hypoxic stimuli elicited only 1 - 2 further

IOS responses until the reaction of both the respiratory output and IOS were completely

suppressed and did not recover even after 1h of wash-out.

The fact that the hypoxic IOS response was not blocked immediately might be due to a delay

in the ouabain action at cells within deeper layers of the tissue. The decrease of IOS observed

in the presence of ouabain could be caused by cell shrinkage (see chapter 5) due to Ca2+ entry

and subsequent activation of K+-efflux through Ca2+-activated K+-channels (Smith et al.,

1993; Alvarez-Leefmans et al., 1994). To test this hypothesis, blocked Ca2+-channels were

blocked with Cd2+. Ouabain application then resulted in a pronounced rise in IOS, which was

transient and followed by a prolonged IOS decrease (Figure 38D).
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Figure 38: Effect of ouabain, furosemide and TTX (tetrodotoxin) on IOS. (A) Changes to the
respiratory rhythm and the IOS after application of 100 µµµµM ouabain. The IOS exhibited a slow
decrease and the hypoxic IOS response was blocked within 1 - 2 hypoxic stimuli (n = 5). The
respiratory rhythm displayed a hypoxia-like response to ouabain application and was
subsequently blocked. (B) After furosemide application (n = 3) the IOS exhibited a slow
decrease. The hypoxic IOS response was not affected by furosemide. (C) Following application
of 1 µµµµM TTX the IOS decreased slowly. Hypoxic responses were partially blocked (n = 3). (D)
When Ca2+ channels were blocked with Cd2+, ouabain elicited a transient IOS increase.



Results                                                                                                                                                      73

An important mechanism of volume regulation in glial cells is the Na+/K+/2Cl--cotransporter,

which mediates the electroneutral uptake of ions (Kimelberg et al., 1986; Haas, 1994) and

plays an important role in volume regulation (Baba, 1992; Chen et al., 1992; Hoffmann, 1992;

Walz, 1992). Activation of the cotransporter would be expected to lead to cell swelling as

uptake of Na+, K+ and Cl--ions is followed by water influx. Consequently, blockade of the

Na+/K+/2Cl--cotransporter should lead to shrinkage of glial cells. Inhibition of the Na+/K+/2Cl-

cotransporter by furosemide indeed induced a similar decrease in the IOS signal. These

changes were reversible after wash-out for 60 - 80 minutes. In the presence of furosemide, the

hypoxic responses of IOS and respiratory activity remained unmodified (Figure 38B),

indicating that the Na+/K+/2Cl--cotransporter does not play a substantial role in generating or

maintaining the hypoxic IOS response.

Blocking neuronal activity with tetrodotoxin (TTX) caused the respiratory activity to be

completely suppressed and IOS to slowly decrease (Figure 38C). The hypoxic IOS responses

became progressively smaller but were not completely suppressed even after cessation of

neuronal activity.

4.8.3 IOS response following application of KATP-channel drugs

It has been shown before that rhythmic activity is modulated by KATP-channel drugs (see

Figure 39). Correspondingly, the expected IOS response upon application of KATP-channel

blockers would be a rise in IOS due to enhancement of neuronal activity and cell swelling and

a decrease in IOS upon application of KATP-channel activators. The results, however, were

variable. Applications of diazoxide (n = 28) and glibenclamide (n = 23) resulted in an increase

in IOS in approximately half of the tests but in a decrease in the other trials. Responses were

specific for a given slice and could be reproduced over a time-span of several hours. These

findings indicate that the mechanisms underlying IOS involve processes other than neuronal

or glial swelling. One of these processes might be mitochondrial swelling as KATP-channels

are highly expressed in mitochondrial membranes (Hu et al., 1999; Wang and Ashraf, 1999).

In order to test this possibility reproducible metabolical conditions were established by

applying KATP-channel-directed drugs after approximately 10 minutes of hypoxia

(Figure 39A). Now the IOS rose further after application of the channel opener diazoxide and

decreased after application of the channel blocker glibenclamide in all tests performed (n = 8).

The involvement of mitochondria was also verified by applying a mitochondrial uncoupler,

carbonylcyanide m-chlorophenylhydrazone, CCCP.
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Figure 39B shows that CCCP application led to an initial increase in the IOS, which then

decreased to levels well below control levels. The latter effect manifested severe damage to

cells, as the respiratory output was irreversibly lost.
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Figure 39: KATP-channel drugs and IOS. (A) Following 10 minutes of hypoxia the application of
KATP-channel drugs led to an increase in IOS after diazoxide and a decrease after glibenclamide
(n = 4, different preparations). (B) Application of the mitochondrial uncoupler CCCP resulted in
a transient increase in IOS (n = 3).
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5 Discussion

This work investigated the structure and function of KATP-channels in inspiratory neurons of

the pre-Bötzinger complex. Specifically, the question was addressed as to how these channels

modulate the respiratory rhythm and how, in turn, they themselves are modulated by factors

released during normal and hypoxic conditions. A variety of different techniques were

employed, such as PCR analysis, single-channel recordings and their theoretical analysis,

microfluorometry and measurements of the intrinsic optical signal.

5.1 KATP-channel structure and gating kinetics

It was shown that KATP-channels in these neurons are composed of Kir6.2 and SUR1 subunits.

This corresponds to the channel population typically found in pancreatic β-cells and in

neurons of the dorsal nucleus of the vagus nerve in rat brainstem (Karschin et al., 1998).

With regard to its gating kinetics, however, the channel behavior deviated from that observed

in pancreatic β-cells. While the latter were reported to display one open state and three closed

states (Gillis et al., 1989; Trapp et al., 1998) channels in respiratory neurons are functioning in

two open states and at least three closed states, which resembles more closely the cardiac

(Nichols et al., 1991; Benz and Kohlhardt, 1994) and skeletal muscle cells (Davies et al.,

1989; Davies et al., 1992; Spruce et al., 1987). The gating kinetics of neuronal KATP-channels

have so far not been investigated in detail. Most of the studies used inside-out measurements

of KATP-channels, which are inherently complicated by the problem of run-down of channel

activity.

Another problem arises in cell-attached analysis: channel activity progressively increased

during the recording period, which presumably is due to the tension exerted by the pipette.

For this reason estimates of the mean open probability and rate constants of channels were

rendered meaningless. Nevertheless, specific transition steps were observed, which

consistently revealed higher or lower rate constants as compared to the rest. This feature

becomes evident in the examples presented in Figure 14 and Figure 15. The ATP-dependence

of specific steps needs to be investigated in the future.

KATP-channels also exhibited a bimodal gating behavior, which has as yet not been reported

for KATP-channels. However, different gating modes have been described for a variety of



Discussion                                                                                                                                                76

other ion channels. Typical examples are N-type Ca2+-channels, which reveal a balance

between modal behavior that is regulated through G-proteins (Lipscombe et al., 1989; Delcour

and Tsien, 1993), Na+-channels, which show transitions between gating modes depending on

membrane voltage (Palmer and Frindt, 1996; Bohle and Benndorf, 1995) and also on stretch-

-activation (Tabarean et al., 1999). Furthermore, 4-aminopyridine (4-AP)- and

tetraethylammonium (TEA)-sensitive voltage-gated K+-channels in pyramidal cells reveal

two activity modes alternating randomly (Bossu and Gahwiler, 1996).

The two different channel gating modes displayed by KATP-channels of inspiratory neurons

are a low open probability that appeared to be the common mode and a much higher open

probability that appeared to occur more frequently during episodes of reduced energy supply

to neurons. So far, the mechanisms, which regulate these transitions between channel gating

modes, remain unclear. However, the fact that transitions into the high open probability mode

were more likely to occur during hypoxia points to a regulatory role of [ATP]i levels and

possibly changes in the ATP-sensitivity of the channels. Such a process may involve

G-proteins that are activated by the hypoxia-induced release and accumulation of

neuromodulators such as serotonin and adenosine (Richter et al., 1999), or osmo-mechanical

stress, which affects KATP-channel activity (Mironov and Richter, 2000). Another mechanism

to be considered is an increase of [H+] during hypoxia (Ballanyi et al., 1996), which also

modulates the ATP-sensitivity of channels (Forestier et al., 1996; Davies et al., 1992). In the

high-activity mode, the channel does not display periodic modulation, which again indicates a

diminished ATP-sensitivity under these conditions.

5.2 KATP-channel drugs and rhythmic activity

It was found (Figure 16) that application of KATP-channel affecting drugs modulated ongoing

rhythmic neural activity. Blockers of the KATP-channel had an excitatory effect increasing the

amplitude of both hypoglossal (XII) nerve activity and synaptic drives of respiratory neurons,

whereas activators of channels were inhibitory. The findings were consistent with the drug

effects on individual respiratory cells as described previously (Pierrefiche et al., 1996),

namely that blockers depolarize and activators hyperpolarize neurons.

5.3 Periodic modulation of KATP-channel activity

Analysis of the open probability of KATP-channels revealed that in the low activity mode popen

is periodically modulated in synchronization with bursting of respiratory neurons. The
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functional significance appears to be a contribution to periodic membrane repolarization of

inspiratory neurons after each burst discharge and thus stabilization of the rhythmic network

activity.

It should be mentioned that the calculation of popen-fluctuations was subject to some

unavoidable systematic errors.

First, the open probability could not be accurately computed during a burst of action

potentials (APs). APs had to be subtracted from the trace and therefore some channel

openings occurring during APs and their afterpotentials may have been missed. Consequently

the open probability was underestimated during this period. Secondly, it should be noted that

the number and frequency of APs varied between bursts. Respiratory bursts displaying

prolonged trains of APs would be expected to lead to a longer risetime of popen than short

respiratory bursts (see Figure 23). Finally, the durations of spontaneous respiratory cycles

varied significantly. For the computation of popen, however, up to 200 sweeps pertaining to

different cycle lengths had to be averaged. Consequently, the estimates of popen become

progressively less accurate further apart from the onset of the respiratory bursts. This can be

seen in Figure 17C and D, where the selected time window preceded and followed a

respiratory burst, respectively. For this reason, time windows were chosen to surround the

respiratory burst in all the other analysis.

First, the open probability could not be accurately computed during a burst of action

potentials (APs). APs had to be subtracted from the trace and therefore some channel

openings occurring during APs and their afterpotentials may have been missed. Consequently

the open probability was underestimated during this period. Secondly, it should be noted that

the number and frequency of APs varied between bursts. Respiratory bursts displaying

prolonged trains of APs would be expected to lead to a longer risetime of popen than short

respiratory bursts (see). Finally, the durations of spontaneous respiratory cycles varied

significantly. For the computation of popen, however, up to 200 sweeps pertaining to different

cycle lengths had to be averaged. Consequently, the estimates of popen become progressively

less accurate further apart from the onset of the respiratory bursts. This can be seen in

Figure 17C and D, where the selected time window preceded and followed a respiratory burst,

respectively. For this reason, time windows were chosen to surround the respiratory burst in

all the other analysis.

Nevertheless, the findings clearly revealed rhythmic fluctuations in KATP-channel open

probability, most probably indicating an interaction between energy consuming
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Na+/K+-pumping and KATP-channel activity. This assumption follows the rationale that

periodically enhanced Na+/K+-pump activity leads to variations in submembraneous [ATP]i,

directly inducing an increase in KATP-channel open probability. Such an interpretation is in

line with the evidence that blockage of Na+/K+-pumping often results in declined

KATP-channel activity (Abe et al., 1999; Mauerer et al., 1998; Kabakov, 1998; Urbach et al.,

1996).

Estimates of the variations in free [ATP]i were obtained from popen using a model described in

chapter 4.5. Periodic changes in free [ATP]i ranged between 5 and 40 µM. Arguments were

given as to why periodic decreases in free [ATP]i cannot be caused by ATP binding to Ca2+

that is accumulating during burst of neuronal activity (Frermann et al., 1999). It should be

pointed out, however, that estimates of the contribution of Ca2+-fluctuations strongly depend

on the value used for the dissociation constant Kd,Mg of the endogenous buffer, which is not

known exactly. For instance, using a Kd,Mg of 1 mM (as opposed to the value of 10 mM used

before) a [Ca2+]i-rise from 100 nM to 5 µM was found to contribute an [ATP]i decrease of

amplitude 13 µM (as opposed to the previously estimated 5 µM). Nevertheless, is seems

unlikely that Ca2+ concentrations as high as 5 µM are on average actually encountered close to

the channels.

Quantitatively, [ATP]i-fluctuations could therefore be much better explained by

ATP-consumption by the Na+/K+-pump. The calculations suggested that its activity-dependent

activation can account for a decrease in free [ATP]i level of about 50 µM. There is only a

slight difference to experimental data, which may be due to the fact that neither

ATP-synthesis nor the effects of surface potential were considered. One has to bear in mind,

of course, that there are other mechanisms than [ATP]i-fluctuations that might explain

modulation of KATP-channel activity. For instance, the channel might be affected by periodic

neurotransmitter release, such as cyclic release of adenosine affecting the cAMP pathway and

activation of channels via the PKC-pathway (Mironov et al., 1999; Richter et al., 1997).

For a quantitative description of popen-fluctuations, the parameters t1/2(rise), t1/2(fall) and

R∆T1/∆T2 were used, which reflect the relationship between cycle and burst durations as well as

burst kinetics. In terms of [ATP]i-homeostasis, t1/2(rise) and t1/2(fall) would correspond to the

rate of ATP-consumption and ATP-replenishment, respectively. When the frequency of

respiratory bursts declined during lowering of [K+]e, only R∆T1/∆T2 was significantly enhanced.

This increase in R∆T1/∆T2 can reasonably be explained by the longer periods of low popen
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following replenishment of ATP during burst intervals. However, when the burst duration and

burst frequency increased during hypoxia, all three parameters changed. R∆T1/∆T2 decreased

with a prolongation of burst durations and a concomitant decrease in cycle length. t1/2(rise)

increased and t1/2(fall) decreased, indicating a prolonged duration of ATP-depletion followed

by a shortened period of ATP-replenishment.

It should be emphasized that whilst the hypoxia-induced increase in t1/2(rise) might be

explained in terms of the prolongation of burst duration and the decrease in t1/2(fall) by the

simultaneous decrease in total cycle length, other explanations might also be possible.

Assuming again that the channel modulation might not be caused by ATP-depletion but rather

by periodic neurotransmitter release, one might speculate that the time course and

composition of neurotransmitter release might be changed during hypoxia (Richter et al.,

1999). This might also lead to the observed delay in KATP-channel activation.

5.4 Estimation of [ATP]i during hypoxia

Intracellular ATP concentrations were not amenable to direct measurements. Using the

Mg2+-sensitive dye mag-fura-2, changes in neuronal [Mg2+]i were therefore monitored during

hypoxia in order to indirectly estimate changes in [ATP]i. Since mag-fura-2 also binds

Ca2+ with a Kd of 44 µM as compared to the Kd of 5.3 mM for Mg2+ (Konishi et al., 1991),

fluorescence changes represent the result of both [Mg2+]i and [Ca2+]i variations. For this

reason the contribution of [Ca2+]i to the overall change in mag-fura-2 fluorescence was

modeled. Hypoxic changes in [Ca2+]i typically range between 200 - 300 nM as measured by

fura-2. This would contribute maximally 20 % to the hypoxic mag-fura-2 signal. Assuming

that 80 % of the mag-fura-2 signal is due to Mg2+ that is released during ATP-hydrolysis,

hypoxia-induced [ATP]i-changes can be estimated as approximately 500 µM.

This value has to be considered as the lower limit of the total decrease in ATP concentration

during hypoxia since – given the slow time course of hypoxia of approximately 20 minutes –

diffusion from the patch pipette will lead to the constant exchange between ‘hydrolyzed’ and

‘fresh’ solution. In the case of cell-attached recordings of KATP-channel activity there will be

no ‘fresh‘ solution available and intracellular ATP rather has to be assumed to decrease by

even more than the amount observed in whole-cell experiments.

It is important to note that the time course of popen-increase is in good agreement with the time

course of the decrease of the mag-fura-2-fluorescence – displaying its highest rate of change

during the augmentation phase of hypoxia and leveling off during the depressive phase. Thus,
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the present data are in full accordance with the hypothesis that the hypoxic channel activation

is due to ATP-depletion and that mag-fura-2 is a valid probe to monitor ATP.

It was reported previously that cytosolic Mg2+ affects KATP-channel activity directly. In

isolated patches (Findlay, 1987) and in cell-attached patches recorded from the internally

permeabilized cardiac myocytes (Horie et al., 1987), Mg2+ applied at the cytosolic side of the

membrane reduced both the amplitude and the activity of outwardly directed currents through

KATP-channels. However, as the cell-attached recordings presented here always portray

inwardly directed currents, this effect should not contribute to the observed channel activity

changes.

5.5 Purinoceptor activation modulates the respiratory rhythm

In preliminary experiments, ATP was found to also act on KATP-channels from the

extracellular side. Its neurotransmitter action modulated the respiratory rhythm and synaptic

drives leading to a transient augmentation of the amplitudes of both values which was

followed by a secondary depression. Recently, a similar excitatory action of ATP was

reported in inspiratory neurons (Thomas and Spyer, 2000; Thomas et al., 1999), where

extracellular recordings displayed an increase in the number of action potentials per burst

after ATP application. This is in agreement with the increase in the amplitude of integrated

hypoglossal (XII) nerve activity and synaptic drives observed in some neurons here. In this

work, the ATP-mediated augmentation could be reproduced by application of α,β-MeATP,

which is a much more potent agonist of P2X- purinoceptors than of P2Y purinoceptors. This

indicates that ATP is acting via P2X purinoceptors. On the other hand, KATP-channel activity

was potentiated by α,β-MeATP, which rather points to the activation of phospholipase C by

P2Y purinoceptors. Further experiments will be necessary to distinguish between the various

purinoceptor subtypes that are involved and to determine in more detail their regulatory role

in KATP-channel activation as well as in the modulation of the respiratory rhythm.

5.6 Flash photolysis

One of the aims of this work was to investigate the kinetics of KATP-channel behavior by the

flash photolysis of caged-ATP. Previously, flash photolysis of caged-ATP (DMNPE-caged)

was found to cause rapid depolarization and inhibition of ongoing K+-channel activity in

smooth muscle cells (Clapp and Gurney, 1992), In inspiratory neurons, however, neither
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whole-cell currents nor membrane potential were affected by photorelease of ATP.

Previously, similar problems with respect to studying KATP-channel kinetics with caged-ATP

(DMNPE-caged) have been reported in cardiac (Nichols et al., 1990) and in pancreatic β-cells

(Ammala et al., 1991). In inside-out patches, the blocking capacities of the caged precursor

and ATP itself were found to be similar (Ammala et al., 1991). A possible explanation of such

problems is that caged-ATP might not be fully caged with respect to its allosteric action on

the KATP-channel. In this case, ‘uncaging‘ of ATP would have no effect, as the apparent ATP

concentration blocking the channel remains the same.

It can be assumed that in the case of KATP-channels of respiratory neurons the portion of the

ATP-molecule that binds to the channels is not sufficiently protected in caged-ATP and these

compounds are therefore not suitable for studying the kinetics of KATP-channel inhibition

(Nichols et al., 1990; Ammala et al., 1991).

5.7 Intrinsic optical signal

In the previous chapters, properties of KATP-channels in respiratory neurons were discussed

with regard to their molecular structure, gating kinetics, periodic activation and modulation by

various factors. As a next step it was intended to use the intrinsic optical signal (IOS) to map

changes in neuronal activity following the application of KATP-channel blockers and openers.

However, this was complicated by the fact that processes other than cell volume changes

appeared to contribute significantly to IOS, necessitating a more detailed investigation into

the origin of the IOS in the rhythmic slice preparation.

5.7.1 Changes in cell volume

It is commonly accepted that any changes in intracellular and/or extracellular osmolarity

induce changes in cell volume (Andrew and MacVicar, 1994; Lipton, 1973). In this work,

changes in osmolarity were observed to modulate the IOS in the rhythmic brainstem slice

preparation, indicating that at least part of the IOS reflects cell volume changes. This finding

was further substantiated by measurements of identified inspiratory neurons, which exhibited

a pronounced and reversible increase in both volume and IOS during hypoxia. The effect was

similar to that described for hippocampal neurons in slices (Turner et al., 1995; Kreisman and

LaManna, 1999).
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5.7.2 Regional differences in IOS

It has been observed in previous studies (Haddad and Donnelly, 1990; O'Reilly et al., 1995;

Pierrefiche et al., 1996) that hypoglossal motoneurons have a low tolerance to hypoxia. In

contrast to hippocampal neurons and other brainstem neurons, such as respiratory or dorsal

vagal neurons, hypoglossal neurons exhibited a much larger and faster anoxic depolarization

in response to O2 deprivation (Richter et al., 1991; Richter et al., 1992; Donnelly et al., 1992;

O'Reilly et al., 1995). A larger anoxic depolarization in hypoglossal neurons would be

expected to lead to a higher degree of cell swelling due to a larger influx of ions. Indeed,

comparison of respiratory neurons and hypoglossal motoneurons revealed pertinent

differences in the hypoxic IOS responses. The initial hypoxic rise in IOS was consistently

higher and faster in the region of the nucleus hypoglossus than in nucleus ambiguus. Similar

regional differences were observed when the resting membrane potential was depolarized by

elevation of extracellular K+. After changes in bath osmolarity (± 15 mosm), however, the

IOS displayed no regional diversity, which indicates that passive water movement imposed by

osmolarity changes affects the volume of all cell populations in a similar manner.

5.7.3 Mechanisms underlying the hypoxic IOS response

As mentioned above, hypoxia has been observed to elicit a pronounced IOS response that is in

part due to cell swelling. In turn, the most likely mechanism underlying hypoxic cell swelling

is Ca2+ and Na+ influx (Haddad and Donnelly, 1990; Mercuri et al., 1994). This anoxic

depolarization is also partially mediated by failure of the Na+/K+-pump following

ATP-depletion (Calabresi et al., 1995; Le Corronc et al., 1999). In the following, the portion

of the hypoxic IOS response that is caused by cell swelling was further investigated by

mimicking hypoxic conditions (i.e. release of neurotransmitters, blocking of Na+/K+-pump)

and monitoring the corresponding IOS signal.

5.7.3.1 Effect of neurotransmitters on IOS

The principal excitatory neurotransmitter involved in the early phase of hypoxia is glutamate

(Richter et al., 1999). Glutamate receptors can be divided into the NMDA and kainate/AMPA

receptor subtypes and both kinds appear to be involved in the neuronal response to hypoxia

(Choi, 1993; Schurr et al., 1995). Thus, in order to elicit a hypoxia-like IOS response, NMDA

and kainate were applied to the respiratory slice preparation. As expected, agonist application

resulted in a marked reversible increase in IOS similar to the hypoxic IOS response. The
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effects were blocked by application of the specific antagonists AP-5 and CNQX, indicating

the involvement of NMDA and AMPA/kainate receptors respectively. This is in agreement

with previous studies on hippocampal slices (Andrew et al., 1996; Andrew and MacVicar,

1994). Adenosine, which is effective in the modulation of the respiratory rhythm (Schmidt et

al., 1995; Mironov et al., 1999) and is released during the later phase of hypoxia (Richter et

al., 1999), led to a slight decrease in IOS. Consequently, it might be speculated that this

adenosine-mediated fall in IOS is partly responsible for the decreasing slope of the hypoxic

IOS signal that is observed during the depression phase of hypoxia.

The findings are in agreement with the assumption that hypoxic neurotransmitter release

modulates the IOS through cell volume regulation.

5.7.3.2 Na+/K+-pump and neuronal activity

It is generally thought that the inhibition of Na+/K+-pump activity leads to cell swelling due to

accumulation of intracellular Na+ (Shimizu and Nakamura, 1992; Buckley et al., 1999),

thereby causing an increase in IOS similar to that observed during hypoxia. Surprisingly,

blocking of Na+/K+-pump activity with ouabain did not mimic the hypoxic IOS response but

the rather the IOS baseline decreased markedly. This is consistent with the observations in a

number of studies (Alvarez-Leefmans et al., 1994; Smith et al., 1993) that ouabain induced

cell shrinkage rather than swelling. The authors suggested that ouabain induced transient

elevation of [Ca2+]i, which in turn activates a K+ efflux through Ca2+-activated K+-channels,

leading to water loss and thus cell shrinkage. Indeed, the effect could be transiently reversed

when Ca2+-entry was blocked with CdCl2 (Figure 38D), suggesting that ouabain induced cell

shrinkage plays a role in the IOS signal. An alternative explanation for the ouabain-induced

fall in IOS baseline relies on the fact that not all IOS signals can be attributed to changes in

total cell volume alone (Buchheim et al., 1999; Muller and Somjen, 1999). For instance,

ouabain-induced excitotoxicity as described by Zeevalk and Nicklas (1996) might lead to

irreversible changes in dendritic morphology, denominated dendritic beading (Andrew et al.,

1999; Polischuk et al., 1998), which have previously been suggested to reflect damage to the

dendritic areas, e.g. following a prolonged exposure to hypoxia and/or high levels of NMDA

(Park et al., 1996; Hori and Carpenter, 1994). Dendritic beading is expected to result in a

decrease in IOS (Andrew et al., 1999; Polischuk et al., 1998), such as was observed after

ouabain application, and would also account for the irreversibility of the ouabain action.

It can be concluded that blocking of the Na+/K+-pump alone is not sufficient to mimic the

hypoxic IOS response. Nevertheless, IOS responses elicited during repetitive hypoxic
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episodes were blocked in the presence of the ouabain, which suggests that the normal

operation of the pump is a vital prerequisite for the maintenance of the IOS response.

Further investigations were carried out to ascertain whether Na+ influx through TTX-sensitive

Na+-currents contributes to the hypoxic cell swelling. Application of TTX led to a steady

decrease in the IOS baseline. This can be attributed to its blocking action on neuronal activity,

which would lead to a decrease in both neuronal and glial cell volumes. Similar results were

reported in the region of the nucleus tractus solitarius in brainstem slices when neuronal

activity was blocked (Torres et al., 1997). The hypoxic IOS response was partially blocked by

TTX, indicating that anoxic depolarization is a combination of TTX-sensitive and

TTX-insensitive ion influx.

In conclusion, the hypoxic IOS response can be interpreted as a result of several distinct

underlying mechanisms as illustrated in Figure 40. First, it might be subdivided into a

component due to cell swelling and another one due to ‘other’ mechanisms such as dendritic

beading or mitochondrial swelling. Cell swelling, in turn, can be attributed to anoxic

depolarization due to hypoxic release and accumulation of neurotransmitters and

neuromodulators, and to the inhibition of Na+/K+-pump activity. Alternatively, anoxic

depolarization might be separated into a component mediated through TTX-sensitive Na+-

channels and another one that is TTX-insensitive.
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hypoxic IOS-response

cell swelling due to Ca2+ and Na+ -influx
(anoxic depolarization)

other
(e.g. dendritic
beading,
mitochondrial
swelling)

depolarization due to release of
excitatory neurotransmitter

depolarization due

to Na+ -accumulation
following inhibition
of  Na+/K+-pump

TTX-dependent depolarization TTX-independent
depolarization

Figure 40: Possible components of the hypoxic IOS response. Boxes depict the qualitative
contribution of each mechanism. Note that the IOS component that was not due to cell swelling
(denoted ‘other’) was arbitrarily assumed to represent an increase in IOS (as a result of
mitochondrial swelling, for instance), whereas it might equally well reflect a decrease (as might
occur during dendritic beading).

5.7.4 Involvement of mitochondrial KATP-channels in IOS generation

Another mechanism associated with the IOS signal is the swelling of cytoplasmic organelles,

such as mitochondrial swelling (Aitken et al., 1999), which has long been known to be a result

of hypoxia and/or ischemia (Vladimirov Iu and Kogan, 1981; Allen et al., 1989; Lazriev et al.,

1980; Aitken et al., 1999). Swelling of mitochondria is accompanied by a decrease in light

scattering (Mar, 1981) or light absorbance (Stoner and Sirak, 1969). Flow cytometry analysis

also showed that swelling of individual mitochondria leads to a decrease in light absorbance

(Macouillard-Poulletier de et al., 1998; Beavis et al., 1985), indicating that mitochondria

behave as light-scattering objects that affect the IOS in the same way as the whole cell (i.e.

swelling leads to an increase in IOS, shrinkage to a decrease).

Interestingly, an indication of the contribution of mitochondrial swelling to IOS generation

was observed when KATP-channel drugs were applied:
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As KATP-channels regulate the excitability of respiratory neurons (Pierrefiche et al., 1997), the

application of KATP-channel blockers/activators would also be expected to lead to a rise/fall in

the IOS as the neurons are depolarized/hyperpolarized. In the experiments presented,

however, the effects of KATP-directed drugs were highly variable during normoxia. One

possible explanation is that the drugs targeted other structures, e.g. mitochondrial KATP

(mitoKATP) channels. Activation of these channels with diazoxide was previously observed to

induce depolarization of the mitochondrial membrane potential (Grimmsmann and

Rustenbeck, 1998; Holmuhamedov et al., 1998; Gross and Fryer, 1999), which normally

induces mitochondrial swelling. KATP-antagonists reversed this effect (Garlid et al., 1997).

Based on these data, one may speculate that activation of mitoKATP-channels is capable of

inducing IOS changes that are opposite to the contribution of plasmalemmal KATP-channels.

To test this hypothesis the slice was exposed to a prolonged period of hypoxia prior to drug

application in order to induce maximal activation of plasmalemmal KATP-channels. Under

these conditions application of KATP-directed drugs induced IOS responses which could be

attributed to changes in the activity of mitoKATP-channels (fall after glibenclamide, rise after

diazoxide). The results were remarkably reproducible, indicating that the effects of the two

types of KATP-channels are different and can be distinguished.

From these findings it can be concluded that during prolonged hypoxia, KATP-channel

blockers and openers act on mitochondrial KATP-channels rather than plasmalemmal

KATP-channels. This hypothesis is supported by the observation (data not shown) that

glibenclamide and tolbutamide, applied after hypoxic activation of KATP-channels in

cell-attached patches of respiratory neurons, have a much weaker effect on channel activity. A

similar finding, i.e. that glibenclamide is much less potent in inhibiting KATP-channels after

metabolic poisoning, was previously observed in pancreatic β-cells (Mukai et al., 1998).

The mitochondrial contribution to the IOS signal was verified through applying the uncoupler

of mitochondrial oxidative phosphorylation, CCCP, which has been reported to depolarize

mitochondria and produce mitochondrial swelling (Minamikawa et al., 1999). CCCP indeed

induced a rapid increase in IOS, indicating that swelling of mitochondria might play a

significant role in IOS generation.

5.8 Conclusion and perspectives

The results show that KATP-channels in inspiratory neurons are composed of the Kir6.2/SUR1

subunits and display gating kinetics similar to the ones observed in smooth muscle cells. The

channels are periodically modulated in synchronization with the respiratory rhythm,
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indicating that they serve as accurate “receptors” of the metabolic demands, sensing even

minor changes in ATP-consumption by ion pumping. The functional task of KATP-channels is

to support membrane repolarization after each inspiratory burst, thus lowering metabolic

demands and enabling adequate ATP-replenishment. During hypoxia the channel open

probability increases severalfold, which can be attributed to a decrease in submembraneous

[ATP]i levels. Evidence was presented that mitochondrial KATP-channels are also involved in

the hypoxic response of the cell.

It was mentioned in chapter 1.4 that during the analysis of KATP-channel contribution to the

bursting behavior of the pancreatic β-cells, two opposing views have crystallized:

KATP-channels were assumed to either underlie oscillations in electrical activity (Larsson et

al., 1996) or to modulate them (Kinard et al., 1999). Based on the findings that in the

rhythmic slice preparation respiratory activity was found to be neither disrupted nor

profoundly disturbed by application of KATP-channel drugs and that periodic channel

modulation and channel activation during metabolic stress could be comprehensively

explained by ATP-depletion due to Na+/K+-pumping, the second mechanism of modulation

seems more likely to be involved in respiratory neurons. It can be concluded that

KATP-channels represent an important component modulating the excitability of rhythmically

active neuronal networks in general.

In the future it will be an interesting task to identify the mechanisms, which underlie the

periodic modulation of KATP-channel activity. Is the oscillation of KATP-channel activities

caused by fluctuations of cytosolic factors such as [ATP]i, [Mg2+]i, [Ca2+]i, [Na+]i and [H2O]i,

or rather by periodic neuromodulatory activation of intracellular pathways, or possible by a

combination of both? In particular, the functions of neurotransmitters, G-proteins and

phosphorylation by protein kinases should be investigated in more detail.

Another interesting question concerns the contribution of purinoceptor activation to the

periodic modulation of KATP-channels. The use of a fast application system would allow a

more detailed analysis of the participation of distinct P2X receptor subtypes with

electrophysiological and pharmacological tools.

It was found in this work that intracellular ATP concentration changes can be monitored

indirectly via fluorometric measurements of [Mg2+]i. This method could be employed in

future studies. For instance, KATP-channel activity could be directly correlated with [ATP]i by

using the cell-permeant AM ester dyes of mag-fura-2 in combination with cell-attached

recordings.
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Recently, studies have focused more precisely on the function of mitochondrial KATP-channels

and specifically on their contribution to neuroprotection (see Garlid et al. (1997), Gross and

Fryer (1999) and Liu et al. (1999)). In the future it would be interesting to investigate these

channels in inspiratory neurons and to find out whether they might constitute a protective

mechanism against hypoxia, which might be of clinical relevance.
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6 Summary

KATP-channels couple cell metabolism with the electrical excitability of the cell. Their

hallmark is inhibition by intracellular ATP but they are also modulated by various

intracellular and extracellular factors, which involve complicated signal pathways. These

factors include ADP concentration, pH, G-protein-coupled processes and adenosine to

mention just the most obvious ones.

The functional relevance of KATP-channels is well understood in pancreatic β-cells, where

they regulate insulin secretion, and in cardiac cells, where they play a part in cardioprotection.

Less is known, however, about their significance in neurons. For this reason, KATP-channels

were investigated in respiratory neurons in vitro using the rhythmic brainstem slice

preparation. This preparation allows simultaneous recordings of respiratory output activity

from hypoglossal nerve rootlets and patch-clamp data from single respiratory neurons. By

temporal correlation of their activity with the hypoglossal nerve activity, respiratory neurons

can be identified and attributed to distinct populations. One subgroup is ideally suited to the

study of KATP-channels: the inspiratory neurons, which fire bursts of action potentials every

3 - 4 sec that are synchronized with inspiration. This ongoing activity is expected to cause

high metabolic demands leading to activity-dependent fluctuations of intracellular ATP

concentrations. Indeed, KATP-channels were observed to be persistently active in inspiratory

neurons. One of the main objectives of this work was the investigation of whether

KATP-channels in inspiratory neurons were periodically modulated, i.e. whether their open

probability changed in the course of a single respiratory cycle. It was found that the channel

open probability rose to a maximum during or slightly after the inspiratory burst and then fell

back to baseline levels. Parameters that quantitatively describe this behavior were defined and

used as criterions to test the channels under conditions affecting the respiratory output

(hypoxia, elevation of [K+]e). The data strongly indicate that the periodic modulation of

KATP-channels is due to [ATP]i-fluctuations following Na+/K+-pump activity during rhythmic

respiratory bursting. Using this data, periodic changes in the ATP concentration underlying

KATP-channel modulation were computed from the open probabilities.

As revealed by single cell PCR analysis of amplified aRNA, KATP-channels of inspiratory

neurons are composed of Kir6.2 and SUR1 subunits and thus correspond to the pancreatic

β-cell type. Their gating behavior, however, more closely resembles the channel kinetics
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described for the smooth muscle cell type as it displayed at least three closed states and two

open states.

In addition, KATP-channels of inspiratory neurons exhibited two distinct gating modes,

corresponding to the low and high channel activity. This feature has not previously been

described for KATP-channels in any other tissue.

KATP-channels were activated during hypoxia, which was attributed to significant intracellular

ATP-depletion. The intracellular ATP concentration was estimated through microfluorometric

measurements according to the following rationale: as ATP is hydrolyzed to ADP, the lower

affinity of ADP for Mg2+ will lead to a partial release of Mg2+. Signals of the Mg2+-sensitive

ratiometric dye mag-fura-2 can thus be used to estimate the changes in [ATP]i. The amplitude

of ATP-depletion was revealed to be approximately 500 µM by model simulations of the

hypoxic effects that were based on the measured mag-fura-2 signal. The calculations also

accounted for ‘contamination’ of the signal by Ca2+ changes.

KATP-channels were potentiated by extracellular application of ATP, indicating the presence

of P2 purinoceptors, which was verified through single cell PCR experiments. The activation

of P2 purinoceptors exerted specific effects on the respiratory rhythm.

When flash photolysis was employed to study changes in Ca2+-homeostasis during hypoxia, it

revealed a slowing of Ca2+ recovery following photolytic release of Ca2+. In contrast, no effect

on membrane potential or membrane currents was observed after flash photolysis of

‘caged-ATP’ compounds, indicating that the caged-ATP-molecule might not be sufficiently

protected and participates in blocking the channels even prior to photorelease of ATP.

Another set of experiments focused on the measurement of changes of the infrared light

transmittance, denoted as the intrinsic optical signal (IOS), which is believed to derive

primarily from changes in cell volume. Neuronal cell volume, in turn, is governed by neuronal

activity. For this reason, the IOS has previously been utilized as an indirect sensor for

neuronal activity changes. In this work the IOS response to hypoxic stimuli was investigated

in detail. Regional differences in IOS were observed for distinct cell populations, which

presumably reflect differences in sensitivities of these neurons to metabolic stress. Evidence

was presented that mechanisms other than cell volume changes, e.g. mitochondrial volume

changes, are also involved and contribute to the IOS. IOS responses obtained upon application

of KATP-channel drugs could be explained only by implicating mitochondrial volume changes

mediated by mitochondrial KATP-channels.
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7 Appendix

Information about the transition rates between the various states of a channel can be obtained

from the distribution of open and closed times. The simplest reaction mechanism of channel

gating is represented by a single closed state and a single open state whose lifetimes are

determined by the rate constants α and β (3). The corresponding dwell-time histograms can be

fitted with a simple exponential probability density function (pdf).

to

tc

t

pdf
events

dwell-time histogram
(open or closed times)

Closed                Open

ββββ

αααα

For open (closed) time distributions the probability density function can then be expressed in

terms of the time constant τ = 1/α (τ = 1/β) :

f t( )= τ −1 e−t / τ (3)

For more than one open or closed state the distribution becomes a mixture of exponential

functions:

f t( )= aiτ i

−1

i=1

N

∑ e− t / τ i (4)

with

ai
i =1

N

∑ =1,  (5)

where ai represents the weight of the ith component, τi its time constant and N the number of

open or closed states.

The time constants, τi, can be obtained from the dwell time histograms using the method of

maximum likelihood. This method can be explained most easily for the case of a two-state

channel distribution as described above. Let the data – for instance the closed-time

distribution of the channel – consist of M time intervals: t1, t2, t3, ..., tM .
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According to (3) the probability of making the first observation t1 is given by

f t1( )= τ −1 e−t1 / τ (6)

If the observations are independent, then the probability of making all the observations (t1, t2,

t3, ...tM ) is proportional to the product of the separate probability densities. This is called the

likelihood of τ :

Lik τ( ) = f t1( )⋅ f t2( )⋅ ⋅⋅ f tM( ). (7)

As this function is a product, it is more convenient to use the logarithm of the likelihood,

termed the log-likelihood, which is given by:

L τ( ) = ln f ti( )
i =1

M

∑ = M ⋅ ln τ −1( )−τ −1
ti

i =1

M

∑ (8)

When L(τ) is plotted against various values of τ the curve passes through a maximum and the

value of τ at the maximum is called the maximum likelihood value of τ, and reliably

converges to the true time constant if the number of events M is sufficiently large.

The expression for L(τ) for a single exponential distribution can be generalized for the case of

multiple exponential components. When the values of the parameters to be estimated

(θ1, θ2, θ3, ...)  are denoted by θ, the jth observation as yj and the probability of a particular

observation yi by f yi θ( ), then the log-likelihood of θ is given by

L θ( ) = ln f yi θ( )
i =1

M

∑ . (9)

For a detailed description see chapter 19 in Sakmann and Neher (1995).
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8 Abbreviations

ABC ATP-binding cassette

α,β-MeATP alpha,beta-methyleneadenosine 5'-triphosphate

ATP adenosine 5’-triphosphate

ADP adenosine 5’-diphosphate

AP-5 2-amino-5-phosphonovaleate

CCCP carbonylcyanide m-chlorophenylhydrazone

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

DMNPE-caged-ATP 3-O-(1-(4,5-dimethoxy-2-nitrophenyl)ethyl) adenosine-5‘-triphosphate

EGTA glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic acid

HEPES N-2-hydroxyethylpiperazine-N’-2-ethane sulfonic acid

IOS intrinsic optical signal

KATP-channels ATP-sensitive K+-channels

KCO K+-channel openers

Kir inwardly rectifying K+-channel subunit

NBF nucleotide binding folds

NA nucleus ambiguus

NH nucleus hypoglossus

NMDA N-methyl-D-aspartate

NPE-caged-ATP 3-O-(1-(2-nitrophenyl)ethyl)adenosine-5‘-triphospate

PBC pre-Bötzinger complex

PKA, PKC, PKG protein kinase A, protein kinase C, protein kinase G

PLC phospholipase C

PLA2 phospholipase A2

PPADS pyridoxal-phosphate-6-azophenyl-2', 4'-disulphonic acid

ROI region of interest

SUR sulphonylurea receptor subunit

TTX tetrodotoxin
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