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Summary

During severe arterial hypoxia leading to brain
anoxia, most mammalian neurons undergo a massive
depolarisation terminating in cell death However, some
neurons of the adult brain and most immature nervous
structures tolerate extended periods of hypoxia—anoxia
An understanding of the mechanisms underlying this
tolerance to oxygen depletion is pivotal for developing
strategies to protect the brain from consequences of
hypoxic-ischemic insults ATP-sensitive K" (Katp)
channels are good subjects for this study as they are
activated by processes associated with energy deprivation
and can counteract the terminal anoxic-ischemic neuronal
depolarisation. This review summarisesin vitro analyses
on the role of Katp channels in hypoxia—anoxia in three
distinct neuronal systems of rodents In dorsal vagal
neurons, blockade of Katp channels with sulfonylureas
abolishes the hypoxic-anoxic hyperpolarisationHowever,

this does not affect the extreme tolerance of these neurons
to oxygen depletion as evidenced by a moderate and
sustained increase of intracellular C&" (Ca;). By contrast,

a sulfonylurea-induced block of Katp channels shortens
the delay of occurrence of a major Carise in cerebellar
Purkinje neurons. In neurons of the neonatal medullary
respiratory network, K atp channel blockers reverse the
anoxic hyperpolarisation associated with slowing of
respiratory frequency. This may constitute an adaptive
mechanism for energy preservation These studies
demonstrate that Karp channels are an ubiquituous
feature of mammalian neurons and may, indeed, play a
protective role in brain hypoxia.

Key words: anoxia, ATP-sensitive*kchannels, brainstem, calcium,
fura-2, mitochondria.

Introduction

Most mammalian neurons have a low tolerance to severe In a variety of central mammalian neurons, the terminal
arterial hypoxia resulting in brain anoxia (Hansen, 1985; Haddaahoxic depolarisation is preceded by & ¢hannel-mediated
and Jiang, 1993). In many brain regions, this is due to the fahiperpolarisation (Misgeld and Frotscher, 1982; Hansen,
that anoxia-evoked extracellular accumulation of glutamate i$985; Haddad and Jiang, 1993). This hyperpolarisation reduces
excitotoxic (Choi, 1994; Lipton, 1999). The anoxia-inducedneuronal activity, and thus transmembrane ion fluxes, and
vulnerability appears to be related to the profound rise of the fremnsequently attenuates the activity of ion pumps that consume
intracellular concentration of €a(Ca) associated with the about 50% of the energy supplied to the brain (Hansen,
depolarisation caused by increased interstitial levels 0f985; Hochachka, 1986). Accordingly, if the anoxic
glutamate. Such neuronal iGdevation results primarily from hyperpolarisation persists for a reasonable length of time, it
influx via Ce*-permeable glutamate receptors and voltagemay well have a protective effect. The cellular mechanisms

activated C& channels during the anoxic depolarisationleading to activation of the anoxictkconductance are still

(Haddad and Jiang, 1993; Kristian and Siesjo, 1996; Bickleunder discussion. Several reports on hippocampal neurons

and Buck, 1998). Also, impairment of €aextrusion and

indicated that the anoxic Cdse promotes activation of €a

sequestration due to inhibition of mitochondria and ATP-dependent Kchannels (Leblond and Krnjevic, 1989; Nowicky

dependent ion pumps such as thé/K&ATPase contribute to
the excessive anoxic rise of iGilansen, 1985; Kristian and
Siesjo, 1996). The CGaoverload in combination with cellular

changes such as ATP consumption by depolarised mitochondhigperpolarisation (Mourre et al.,

and Duchen, 1998; for further references, see Kulik et al.,

2002). But, an increasing number of studies provides evidence

that ATP-sensitive K (KaTtp) channels mediate the anoxic
1989; Luhmann and

activate a cascade of events leading to cell death (Lipton, 1999ginemann, 1992; for further references, see Kulik et al.,

Nicholls and Budd, 2000; Muller and Ballanyi, 2003).

2002). The pharmacological and biophysical properties as well
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as the structure of A&p channels have been investigatedbrainstems of newborn rats was studied using nerve recordings
thoroughly in muscle tissues and pancrefiiells (Ashcroft  of respiratory activity combined with ‘blind’ patch-clamp
and Gribble, 1998; Aguilar-Bryan and Bryan, 1999). Byrecordings.
contrast, the structure—function relationship of the neuronal
isoforms of these metabolism-regulatet ¢hannels has only
recently been explored using molecular techniques such asKAtp channels in anoxia-tolerant dorsal vagal neurons
in situ hybridisation or polymerase chain reaction (PCR) Subpopulations of mammalian neurons (Ballanyi et al.,
combined with patch-clamp recording (Karschin et al., 19981996a; Richter and Ballanyi, 1996) are highly tolerant to
Liss et al., 1999; Zawar and Neumcke, 2000; Haller et alanoxia in a fashion similar to brain structures of some cold-
2001). Although agents such as tolbutamide or glibenclamidelooded vertebrates (Lutz and Nilsson, 1994; Hochachka and
block the anoxic activation of neuronahtf channels, it has Lutz, 2001). By elucidating the mechanisms of the anoxia
only been shown in a few cases that blockadeagbl€éhannels  tolerance of these mammalian neurons, it may be possible to
by such sulfonylureas increases the vulnerability of neuronaevelop pharmacological strategies to protect the brain from
structures to anoxia (Pek-Scott and Lutz, 1998; Garcia diée consequences of hypoxic-anoxic insults. Tonically active
Arriba et al., 1999). dorsal vagal neurons in brainstem slices from juvenile rats
In this review, the latter aspect is addressed for thre@-ig.1) represent a population of mammalian neurons in
neuronal systems (Fi@). Patch-clamp recording was which both the structure and properties oftK channels
combined with fluorometric measurements of tGaletermine  have been studied quite extensively. Interestingly, these cells
whether Katp channels are involved in the response to oxygemre particularly resistant to oxygen depletion, at least in rats.
depletion of dorsal vagal neurons and Purkinje cells in braiithey respond to hypoxic solutions resulting in anoxia of the
slices from mature rodents. The potential farKchannels to  dorsal vagal nucleus (Ballanyi et al., 1996a) with a sustained
contribute to the anoxic slowing of respiratory frequency irK* channel-mediated hyperpolarisation (Fg; Cowan and
neonatal rats was also investigated. For this purpose, ti\artin, 1992; Trapp and Ballanyi, 1995). Neither hypoxic
response to anoxia of the respiratory network in isolatednoxia nor chemical block of aerobic metabolism with

Cerebellum

Purkinje neurons / Respiratory network \

Medulla |

\ Xl nerve

Fig. 1. Model systems for analysis of the involvement of neuronal ATP-sensitiy€A§p) channels in brain hypoxia—anoxia. Coronal brain
slices from rodents are used to study the electrophysiological response to oxygen depletion in three types of centrahoriarongerable
cerebellar Purkinje neurons from 16—20-day-old mice with a characteristic flat dendritic tree show pronounced rises afin@ace|Ca)
during rhythmic or tonic activity of membrane potenthh). Ca is monitored in superficial cells filleda the recording patch-electrode with
50-200umol I-1 of the C&*-sensitive dye fura-2. The same techniques are applied to tonically active dorsal vagal neurons in medullary slices
from juvenile rats or mice. These neurons innervate organs of the gastrointestinal tract, such as ganetisatioc which kKatp channel
properties and functions are being thoroughly explored. Whole-cell patch-clamp recording is done in neurons of the \ieattyal gFspp
(VRG) including the rhythmogenic pre-Botzinger complex (PBC) or inspiratory active hypoglossal motoneurons (XII-MN) inncedutiary
slices or brainstem—spinal cord preparations from neonatal rodents. The cells can be labelled with dyes such as ludfebpigeliomw for
subsequent (immuno)histochemical analysis of their structure and neurotransmitter receptors. Rhythmic inspiratory actritgdswith
glass suction electrodes from hypoglossal (XIl) nerve rootlets in the slices or from cervical nerve rootEnsilogireparation. Reconstructed
respiratory neuron data from K. Ballanyi and S. Schwarzacher. Brain section taken from Paxinos (1982).
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cyanide evokes a secondary, term A \yhole-cell _
depolarisation, at least not within time peri Tolbutamide
of up to 30min following the insul
(Figs2A,3A; Trapp and Ballanyi, 199
Ballanyi and Kulik, 1998). By contrast,
progressive depolarisation due to extracell
accumulation of glutamate is revealed in sl
of dorsal vagal neurons preincubated in gluc Anoxia 1 min
free superfusate and subsequently expost B cell-attached

hypoxic or chemical anoxia in the absenc:
glucose, mimicking ischemien vitro (Ballanyi
et al., 1996a; Kulik et al., 2000). The anc
hyperpolarisation and the underlying outw
current and increase in membrane conduct
of the dorsal vagal neurons are blocked
the sulfonylurea Krp channel blockel
tolbutamide, glibenclamide and gliquidc
(Figs2A, 3A). Furthermore, the sulfonami
Katp channel opener diazoxide causes C Cell-attached

Tolbutamide
—

hyperpolarisation and conductance incre Control oN- CN- +t0|butam|de
Im - .

Fig.2. Katp channels in dorsal vagal neurons J o i "l' II] 'L ' ¢
juvenile rodents. (A) Superfusion of nitrogen-gas 5 pAl ‘ " W -C
hypoxic saline causes tissue anoxia in the dorsal (' | II -c
nucleus of medullary slices kept at 30°C. In dc ————

: - | B T L n T
vagal neurons of rats, such anoxia results uw
sustained  hyperpolarisation and concomi 01s

suppression of tonic action potential discharge )
are reversed by the sulfonylureaat¢ channe D Inside-out

blocker tolbutamide (2CAmoll-1). Whole-cel Control

recordings were done using patch-electr 5 PAl""!me mmm 02s

containing (in mmecl—1) 140 K-gluconate, 1 MgG]| H

0.5 CaCs, 1 NaCl, 10 Hepes, pH 7.4. The electrc &
also contained NATP at different concentrations, N \Q}@Q

most cases fnmoll-1. However, varying the AT o S éb élx AN
concentration between 0 and @onoll-L did not E aRNA-PCR &7 SO & & ¥ &
affect the membrane response to anoxia (Miller € I
2002). (B) The anoxic hyperpolarisation is due
opening of single Ktp channels, as revealed in t
example for chemical anoxia due to bath applice
of 1mmoll-1 cyanide (CN). The sharp deflectiol
on the cell-attached curreritn] trace during contro
CN- plus tolbutamide (20QmolI-1) and wash ai
caused by tonic spiking. Holding potential:n/.
(C) Current traces of the recording in B at higher 1
resolution. (D) In an inside-out patch from a mc
dorsal vagal neuron, A¢p channel activity i

Ki6.2

abolished by addition of 20moll-1 ATP to the — 2322
superfusate mimicking the intracellular soluti 2027
Holding potential: —5@nV. (E) Antisense RNA — 1353
polymerase chain reaction (aRNA-PCR) analysi SURL _ é%S
cytoplasm obtained during whole-cell recorc

reveals that three dorsal vagal neurons (DVN1- — 603

rats coexpress mRNA for the inward-rectifying
(Kir) channel isoform, 6.2, and the sulfonylure
receptor (SUR) isoform, SUR1. Obviously, do
vagal neurons express the same type ofrpl
channels as pancreafecells innervated by a subpopulation of these neurons. A, reproduced from Ballanyi and Kulik (1998); B, C and E,
reproduced from Karschin et al. (1998); D, data from K. Ballanyi and J. Brockhaus.
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A Tolbutamide Fig.3. Relationship between intracellular %a
150_Ca concentration (Gaand anoxic Ktp channel activation
1 3min in dorsal vagal neurons from juvenile rats. (A) Chemical
nmol I anoxia due to imoll-t CN- produces a persistent
50- hyperpolarisation and block of tonic spiking whilej Ca
Vin increases by <50moll-1. Tolbutamide (20@umol I-2)
07 | ‘ ‘ reverses the anoxic hyperpolarisation. The concomitant
mv reappearance of spiking induces a further stable increase
—50~ . of Ca that is, nevertheless, not much larger thap Ca
. . levels during physiological activity of these cells.
CN- (B) The persistence of the anoxici@iae in C&*-free
superfusate suggests that this2Caignal is due to
B Control 0 cCa&* C CPA Foop releas.e from. intracellglar storgs. .(C) Thej @ise.
300 G ZOOCa e s associated with chemical ano_><|a is not substantla}lly
1 3'min attenuated following depletion of endoplasmic
nmol I nM M _ reticulum C&* stores with the Ca pump blocker
100 ».,«/IL_ __/‘L Smin  cyclopiazonic acid (CPA; 2Amoll-Y), while the
— — 0 = = = anoxia response is mimicked and occluded by
Anoxia  Anoxia CN CN CN the mitochondrial blocker FCCP (ol I-Y).
(D) Simultaneous recording of Camitochondrial
D potential AY) and membrane currenty in a voltage-clamped dorsal
vagal neuron filledvia the patch-electrode with both 1Qénol -1
fura-2 and Gng mli~1 rhodamine-123. A rapid increase ofj@aring
Cg an outward current due to depolarisation from —50 noV0(205s) is
2007 followed by a modest increase in rhodamine-123 fluorescence,
% indicating a depolarisation @fi. In response to CN(1 mmoll-1), a
100- considerably larger mitochondrial depolarisation whose onset kinetics
200 Ay correlate with that of the A¢p outward current is observed, while the

rise of Cais notably slower. A, reproduced from Ballanyi and Kulik

% —‘/\‘J"v—\ (1998); B-D, data from K. Ballanyi and A. Kulik.
100-

|
0.497m 2 min whether activation of C&-dependent K channels may
nA contribute, at least in part, to the anoxic hyperpolarisation. A
molecular analysis demonstrated that the apamin-sensitive
0- SK1 isoform of ‘small conductance’ &adependent K
| — (i ’ H : H
omv CN- channels and the ‘big conductance’, iberiotoxin- and

tetraethylammonium-sensitive B&subunit are expressed in

dorsal vagal neurons (Pedarzani et al., 2000). However, the
very similar to the effects of anoxia (Trapp et al., 1994; Trapj$K1-mediated current is blocked by anoxia while the BK
and Ballanyi, 1995; Ballanyi and Kulik, 1998). current is not changed (Kulik et al., 2002). For some neuronal

The view that Ktp channels are responsible for the anoxicsystems, it appears that accumulation of interstitial adenosine

hyperpolarisation is supported by results from single-channelue to anoxic degradation of ATP agia A1 receptors on K
studies. The single-channel conductance ipS@ both cell- channels, possibly including Afp channels, to exert a
attached (Fig2B,C; Karschin et al., 1998) and excised inside-protective role by suppressing electrical activity (Pek-Scott and
out patches, the latter obtained from dorsal vagal neurons bfitz, 1998; Mironov et al., 1999; Mironov and Richter, 2000).
mice (Fig.2D; Miller et al., 2002). This value, and also theHowever, in dorsal vagal neurons, adenosine does not mimic
half-maximal inhibitory concentration (¥g) for blocking the hyperpolarising effect of anoxia while the anoxic
channel activity by intracellular ATP,&mol I-1 (Muller et al.,  hyperpolarisation is not blocked by the #eceptor antagonist
2002), resembles closely that described fafKchannels in  DPCPX (Ballanyi and Kulik, 1998).
pancreati-cells (Ashcroft and Gribble, 1998; Aguilar-Bryan  The extent to which anoxia elevatesi @as studied in
and Bryan, 1999). Consequently, single-cell aRNA-PCRlorsal vagal neurons filledia the patch-electrode with the
analysis revealed that dorsal vagal neurons coexpress mRNZ&*-sensitive dye fura-2=20-min periods of (chemical)
for theB-cell type sulfonylurea receptor (SUR) isoform, SUR1,anoxia only evoke a very moderate (<10foll-1) and stable
and for the inwardly rectifying K(Kir) channel subunit, 6.2  rise of Ca (Fig.3A; Ballanyi and Kulik, 1998; Kulik et al.,
(Fig. 2E; Karschin et al., 1998). These findings established th&000). As the anoxic rise of Cia not affected by removal of
KaTp channels mediate the persistent anoxic hyperpolarisaticextracellular C&, it must be due to release from intracellular
of dorsal vagal neurons. Despite this, it is necessary to testores (Fig3B). The Carise related to (chemical) anoxia is
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also not affected by depleting endoplasmic reticulum*Ca typical for these cells and promotes a notable influx &f Ca
stores with cyclopiazonic acid (Fi8C). On the contrary, the (Ballanyi and Kulik, 1998). A progressive depolarisation or
Ca response to anoxia or cyanide is both mimicked andise of Cais not observed as in anoxia-vulnerable cells (see
occluded by the protonophore FCCP (B§), which  below) (Hansen, 1985; Haddad and Jiang, 1993; Kristian and
dissipates the mitochondrial transmembrang ¢tadient Siesjo, 1996; Lipton, 1999). This is certainly not due to the fact
(Schuchmann et al., 2000). These results suggest that ttieat the cells were whole-cell recorded with patch-electrodes
moderate anoxic rise of Cis caused by mitochondrial €a  containing 1-2nmol -1 ATP. A similar lack of occurrence of
release (Kulik and Ballanyi, 1998). a terminal depolarisation or massive; @&rease is observed
This view is supported by observations in dorsal vagawhen the dorsal vagal neurons are recorded with sharp
neurons filledvia the patch-electrode with fura-2 and the microelectrodes (Cowan and Martin, 1992; Ballanyi et al.,
mitochondrial potential-sensitive dye rhodamine-123 togethet996a) or optically in a non-invasive manner using a
(Fig.3D). These results showed that the kinetics of thenembrane-permeable form of fura-2 (Ballanyi and Kulik,
cyanide-induced Krp current closely correlate with those 1998). According to these results, it is proposed that the
of a rapid and pronounced increase in rhodamine-12®lerance to anoxia of these mammalian neurons is rather due
fluorescence, indicating a major depolarisation ofto a low resting metabolic rate in conjunction with effective
mitochondrial potential, while the accompanying Gse has utilisation of anaerobic metabolism (Ballanyi et al., 1996a;
considerably slower kinetics (FigD). By contrast, a major Trapp et al., 1996; Ballanyi and Kulik, 1998).
rise of Cain response to membrane depolarisation in voltage- Which alternative function might theseate channels
clamp is only reflected by a minor mitochondrial depolarisatiomave? Since the dorsal vagal neurons innervate several organs
(Fig. 3D; Kulik and Ballanyi, 1998). of the gastrointestinal tract, their metabolism-gated K
The very similar time courses of the anoxic outward currenthannels may be involved in nutritive functions. Accordingly,
and the mitochondrial depolarisation suggest that metabol&timulation of the dorsal vagal nucleirs vivo results in a
activation of Katp channels is due to a rapid cellular processsubstantial release of insulin as a subpopulation of dorsal
associated with loss of the mitochondrial membrane potentiabagal neurons innervates pancrediicells (Laughton and
The nature of this process is currently under investigation. Rowley, 1987). In line with a putative role in glucose
change in the redox state of thai& channels is unlikely to homeostasis, the A&p channels of the dorsal vagal neurons
be involved as neither reduced/oxidised glutathione nor thare not only activated by anoxia but also by a fall of interstitial
oxidase blocker diphenyliodonium has an effect on thelucose levels (Ballanyi et al., 1996a). Thus, these neuronal
cyanide-induced outward current (Mdller et al., 2002). AlsoKatp channels may represent a central nervous glucose sensor
an anoxia-related change in the actin cytoskeleton or th&uch as in hypothalamic neurons (Miki et al., 2001). However,
composition of the plasma membrane does not seem to hathe sensor mechanism may be different as ther €hannels
a major contribution as cytochalasin-D does not affect thef hypothalamic neurons respond within much shorter time
cyanide-induced hyperpolarisation and phosphatidyl-inositgberiods to a fall of interstitial glucose levels (Miki et al.,
4,5-bisphosphate fails to decrease the ATP sensitivity d2001).
single Katp channels (Mdiller et al., 2002). The same study
also suggests no major role for ATP in anoxic activation of
dorsal vagal neuronald¢p channels, as dialysing the celia Katp channel-mediated delay of anoxic Gaise in
the patch-electrode with either 0, 1 orraénol I-L ATP does Purkinje neurons
not affect the amplitude or delay of onset of the cyanide- Cerebellar Purkinje neurons are exceptionally vulnerable to
induced outward current. Furthermore, the current peaksypoxic and ischemic damage (Pulsinelli et al., 1982; Horn and
within 1 min, independent of whether or not the cells areSchlote, 1992; Balchen and Diemer, 1992; Brasko et al., 1995;
exposed to ouabain and vanadate that block the ion pumps tiggrenberg et al., 2001). Similar to dorsal vagal neurons, these
constitute the major source of ATP consumption (Mlller etells are tonically or rhythmically active when kept in brain
al., 2002). Finally, the fall of intracellular pH of up to 0.5 unitsslices (Fig.l) and respond to hypoxic or chemical anoxia as
that accompanies the modest rise of @@es not appear to well as to diazoxide with a tolbutamide- and gliquidone-
contribute to anoxic activation of Atp channels. In most sensitive pronounced hyperpolarisation and increase in
cells, the intracellular acidosis starts to develop after thenembrane conductance (F#). This suggests that Afp
outward current reaches its maximum amplitude (Trapp et alchannels mediate the anoxic hyperpolarisation of Purkinje
1996; Raupach and Ballanyi, 2004). neurons although their molecular identity has not been
The Katp channels of dorsal vagal neurons do not seem texplored yet. In contrast to the dorsal vagal neurons, anoxia
play a protective role during anoxia. Upon sustained exposuiaduces a major perturbation of i@a Purkinje cells dialysed
to hypoxic or chemical anoxia, the rise of ®@a1100nmoll-1  viathe patch-electrode with fura-2. The;j®aseline increases
is less than doubled upon sulfonylurea-induced block of thby <5Cnmoll-1during the initial phase of the cyanide-induced
Katp channel-mediated hyperpolarisation or outward currenfiyperpolarisation and remains at that level for several minutes
(Fig. 3A; Ballanyi and Kulik, 1998). The additional moderate while membrane potential starts to recover to resting level with
Ca increase is related to reappearance of tonic spiking that o change in membrane conductance. After that period, a
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Fig.4. Katp channels delay A B

progressive anoxic GCese due to C# 200 Ca

influx in whole-cell-recorded Purkin c
_neuro_ns qf cerebellar slices fr 200 a nmol -1 J/\’_,—N/\"
juvenile mice. (A) CN (1 mmoll-1)

blocks spontaneous spiking due t nmol 1 —
hyperpolarisation and concomit: 1 min
increase in membrane conductanc
measured in response to reg!
injection of hyperpolarising dc curre
pulses (see insets). During this phas
chemical anoxia, Gashows a stab
increase by <5@moll-l Severa
minutes after the onset of
spontaneous repolarisation =
membrane potential in the presenc: CN— CN- CN-
CN-, a secondary progressive rise
Ca starts to develop. (B) The ano
hyperpolarisation is caused by Control CNQX + APV C Control 0 Ca*
prominent tolbutamide-sensiti Ca 600~
outward current. In the presence
tolbutamide, the onset of the seconc
progressive phase of the anoxici
rise develops almost immediately 0
the beginning of a CNinduced inwari B
current that is usually masked by
Katp outward current. Holdin 0 gm
potential: —6mV. (C) In a Purkinj A w\/\~
neuron, filledvia the patch-electroc nA ’_\/\
with  100mmoll-1  Cs*  and -0.5
30mmoll-1 TEA* to block K* —0.5-
. O O —_ ]
currents, CN evokes an inwar CN- CN- CN- CN-
current accompanied by a major rise u
Ca. These responses are not notably affected by bath applicatioruof@0-2 CNQX and 10Qumol I-1 APV to block ionotropic glutamate
receptors. (D) In a CATEA* filled cell, the CN-induced Carise is abolished by Cafree superfusate that also containsbol |- Mg2* to
block C&* channels and tnmoll-1 EGTA to buffer extracellular Ga. All recordings from K. Ballanyi, M. Liickermann and D. W. Richter.

0 1 min

Tolbutamide
| —— |

secondary progressive rise of j@kevelops that can exceed cyanide for 5min in the presence of tolbutamide induces first
1 umol I-1but is not reflected by a major change in membrana comparable moderatei@ae in both the soma and dendrites.
potential or conductance (FigA). As exemplified in FigdB,  After about Imin, a major rise of Galevelops in the distal
cyanide induces aA&p outward current that can exceedA. dendrites and proceeds within the followingQtbwards the
Since the agent was applied for onlynih in that experiment, soma until a similar elevation of C& seen in both. Upon
the rise of Cawas rather moderate without occurrence of thevashout of cyanide, Ceecovers first in the soma and then in
steep secondary phase. Subsequent application of tolbutamithe dendrites.
reduced the outward current that had not yet fully recovered These findings suggest that anoxia promotes initially a
from the first cyanide application. In the presence oimoderate rise of Gapossibly due to release from intracellular
tolbutamide, cyanide evokes an inward rather than an outwafchitochondrial) stores as suggested above for the dorsal vagal
current while a minor outward current develops duringneurons. In contrast to the anoxia-tolerant dorsal vagal cells,
washout of this toxin. In contrast to the control response tthe vulnerable Purkinje neurons are subjected to a secondary
cyanide, Castarts to progressively increase right from theprogressive Gaise that is irreversible in a major population
beginning of the application of cyanide in the presence obf cells when cyanide or hypoxic anoxia are applied for several
tolbutamide. However, micromolar levels of iCare not minutes, particularly in the presence of tolbutamide. The
reached in the example of F#B due to the short application secondary cyanide-induced rise ofi @apears to be related to
time period of cyanide. membrane depolarisation, as it develops more rapidly when the
Analysis of the spatiotemporal pattern of the anoxic rise oédnoxic hyperpolarisation is suppressed with sulfonylurgae K
Ca using digital CCD camera imaging revealed that levels othannel blockers. Similarly, dialysing the cells with a mixture
Ca are very similar in somatic and dendritic regions of theof Cs" and TEA' reveals an immediate onset of the progressive
Purkinje cells at rest. As shown in F&. application of anoxic Ca rise with no occurrence of a cyanide-induced
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Tolbutamide

Ca
200 —

Ratio (%)

[ ]
100 — CN- 1 min
Fig. 5. Spatiotemporal relation of anoxici@aes in Purkinje neurons. Digital imaging was used to measuig ®©a regions of interest (pink,
dendritic tree; red, soma). The continuous €aces illustrate that administration of €XL mmoll-1) in the presence of tolbutamide
(200pumol I71) induces instantly a similar moderate @se in both the soma and dendrites. During the following, @0secondary progressive
Ca increase occurs first in the dendritic tree. Subsequently2av@ae progresses from the dendrites to the soma as shown by the sequence
of individual images whose numbers correspond to those on the contindwsc€aData and images from K. Ballanyi et al.

outward current (FigdC,D). The latter prominent rises ofiCa  Katp channel-mediated anoxic slowing of breathing in

are not affected by a mixture of 6-cyano-7-nitroquino-xaline- newborn rats

2,3-dione and 2-amino-5-phosphonovalerate to block Breathing movements are mediated by a neuronal network
ionotropic glutamate receptors (F&C; for references, see in the lower brainstem (Feldman, 1986; Richter et al., 1992).
Kulik et al., 2000) while they are abolished by2Gaee  Neurons of the ventral respiratory group (VRG), including the
superfusate or extracellular €dFig. 4D). The lack of effects respiratory centre of the pre-Bétzinger complex (PBC), can be
of glutamate receptor blockers on the progressivei§®mand isolatedin vitro in inspiratory active brainstem—spinal cord
the potency of C& and C&*-free superfusate to suppress thispreparations or 200-8Q0n-thick coronal medullary slices
response indicates, on the one hand, that anoxia affects tliem neonatal rodents (Fif; Smith et al., 1991; Ballanyi et
activation—inactivation characteristics of voltage-gated*Ca al., 1999). Membrane potentials or currents from PBC or other
channels in these cells as shown for other types of mammali&RG cells can be monitored with whole-cell recording
neurons (Sun and Reis, 1994; Brown et al., 2001; Lukyanetechniques, and the recorded cells can be labelled with dyes for
et al., 2003). On the other hand, it is obvious thatpK subsequent (immuno)histochemical analysis (EigBallanyi
channels counteract, at least during the time course of sevesdl al., 1999; Ballanyi, 2004). Studies on thdge vitro
minutes, the secondary massive rise of &l thus have a preparations have indicated that rhythmogenesis within the
protective role during short periods of anoxia in theseespiratory network depends on PBC conditional burster
vulnerable mammalian neurons. neurons (Smith et al., 1991) whose burst frequency is
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determined by intrinsic regenerative membrane properties suffom ~1breaths to <1breathmin-l (Ballanyi, 2004). A

as a persistent Naconductance that operates in concert withsimilar persistence of respiratory activity at greatly reduced
leak, e.g. TASK-1 or Ktype K" conductances coupled to frequency for anoxia periods of up tohlis observed in
receptors for diverse neuromodulators (Big; for references, brainstem—spinal cord preparations from newborn rats
see Ballanyi et al., 1999; Ballanyi, 2004). In neonates, thé~ig. 7A; Ballanyi et al., 1994, 1999; Ballanyi, 2004).
respiratory network is highly tolerant to hypoxia—anoxia A series of reports on the latter preparation (Ballanyi et al.,
(Ballanyi et al., 1994; Richter and Ballanyi, 1996; Richter1992, 1994, 1999; Brockhaus et al., 1993; Voipio and Ballanyi,
et al.,, 1999). Respiratory movements persist in intactl997; Ballanyi, 2004) has led to the view that the high
unanesthetised neonatal rats for more thami®0during tolerance of the respiratory network in newborn mammals to
anoxia evoked by nitrogen breathing whereas terminal apnexygen depletion includes two cooperative processes. On the
occurs within less thanrin of anoxia in rats older than one one hand, anoxia appears to effectively stimulate anaerobic
week (Fazekas et al., 1941; Adolph, 1969; for furtheglycolysis (‘Pasteur effect’; Lutz and Nilsson, 1994;
references, see Ballanyi, 2004). In perinatal matgivo, the  Hochachka and Lutz, 2001). In agreement with the efficacy of
frequency of breathing is profoundly reduced during anoxighe Pasteur effect, up to 50% of the ATP production under
normoxic conditions in neonates appears to be due to anaerobic
metabolism, in contrast to <20% in adults (Hansen, 1985).
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Ca n
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PBC neuron
Cap
Nap
Bursting

Vim I Kir

Excitatory
drive

Accordingly, a high lactate dehydrogenase activity supports
the notion of an important role of anaerobic glycolysis during
the perinatal period (Booth et al., 1980). By contrast, the
activity of cytochromec oxidase (an indicator of oxidative
glucose utilisation) increases only after P12-17 (Wong-Riley,
1989). Due to the low efficacy of anaerobic ATP production,
survival of neurons during extended periods of anoxia is only
possible as the metabolic rate of neonatal brain tissue is very
low, i.e. in postnatal day-1 rats <5% of that in adults (Duffy et
al., 1975; Hansen, 1985). Thus, in the perinatal period, cerebral
glucose consumption appears to be <10% of that in adult rats

Paiimaker ‘ ‘ Negror/w:_{oerulators (Vannucci and Vannucci, 1978). Despite a reduireditro

(reticular ,1 %\,J ’,_ ( M, O temperature (25-28°C), the metabolic rate is not extremely low

formation) || [ [ in the brainstem—spinal cord preparation of newborn rats as the
Vi I Kir glycolytic blocker iodoacetate or removal of glucose from the
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C Control CN-

superfusate profoundly perturbs both the respiratory rhythm

Fig. 6. Effects of anoxia on rhythmic bursting of respiratory neurons
in isolated medulla preparations from neonatal rats. (A) Bursting of
rhythmogenic pre-Bétzinger complex (PBC) neurons is possibly
caused by the cooperative interaction between regenerative intrinsic
ion conductances such as persistent* Ndnannels (Ng or
intermediate-voltage-activated (P/Q-type)?Cahannels (Gg with

Kir channels (including Krp channels) or leak (e.g. TASK-1
channels) that contribute to resting membrane poteMigl énd are
affected by various neuromodulators, )" and/or Q. These
neuromodulators may also indirectly affect PBC neuvignan action

on Kir (or TASK-1) channels of pacemaker cells within the reticular
formation proposed to provide excitatory drive to rhythmogenic PBC
cells. Spike firing during individual bursts is mediated by Hodgkin-
Huxley-type N& channels (Naw) plus L- and N-type G4 channels
(Ca_n). (B) In a minor subpopulation of inspiratory (PBC) neurons
in a brainstem—spinal cord preparation, a hyperpolarisation induced
by anoxia does not block the rhythmic drive potential, as also evident
from persistence of inspiratory-related cervicak)(@erve rootlet

Vi 2s activity. (C) In other respiratory neurons, such as this inspiratory cell
—40 ] \ in a brainstem-spinal cord preparation, anoxia depresses the drive
mv IIJ oy ¥ L...,.h potential and abolishes spiking. This effect is antagonised byithe K

o el e | | and Katp channel antagonist Ba The downward deflections on the
—60 J = e \ | membrane potential traces in B and C are responses to injection of dc
| J | current for measurement of membrane conductance. Data from K.

Ballanyi.
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Fig. 7. Involvement of iKtp channels, but not
adenosine receptors, in anoxic
hyperpolarisation of neonatal respiratory
neurons and frequency depression of
respiratory rhythm. (A) Chemical anoxia due
to 1mmoll-l CN- notably depresses
respiratory frequency in the brainstem—spinal
cord preparation from newborn rats. In the
presence of CN this effect is reversed by the
KaTp channel blocker gliclazide
(200umol I71). (B) In a neuron in the region
of the pre-Bétzinger complex (PBC) of a non-
rhythmic medullary slice, tolbutamide blocks
the outward current and conductance increase
underlying the anoxic hyperpolarisation.
Membrane conductance is measured by
injection of hyperpolarising dc current pulses.
(C) In a pre-inspiratory neuron (also classified
as ‘biphasic-expiratory’; Ballanyi et al.,
1999), the anoxia-induced hyperpolarisation
and conductance increase abolishes rhythmic
fluctuations of membrane potential. After
recovery from anoxia (wash), administration
of adenosine (5C0AmolI-Y) fails to mimic
the anoxic hyperpolarisation, conductance
increase or block of respiratory-related
membrane potential fluctuations. A, data

from L. Secchia and K. Ballanyi; B,C, data
from K. Ballanyi.

and ion homeostasis within the respiratory network withirrespiratory centre in addition to the PBC (Ballanyi et al., 1999).
30min (Ballanyi et al., 1996b, 1999). These effects aréviore than 90% of these cells are hyperpolarized and
accompanied by a progressive depolarisation of neonatalactivated during anoxia, while a subpopulation of these VRG
respiratory neurons often preceded by a hyperpolarisatiotells receives burst-type subthreshold synaptic inputs that are
lasting between 2 andmin (Ballanyi et al., 1999). not in phase with the slowed inspiratory motor output
The second process contributing to the anoxia tolerang#ig. 7C). Such anoxic functional inactivation of a major
of the neonatal respiratory network is constituted byportion of respiratory neurons does not reflect a
downregulation of metabolic rate and demand by ‘functionapathophysiological impairment of synaptic transmission or
inactivation’ of ion conductances as described for coldmembrane excitability. Action potentials can still be evoked in
blooded vertebrates (Hochachka and Lutz, 2001). Moghese cells while drive potentials of a different subpopulation
(>60%) of the respiratory neurons in neonatal fatwitro  of inspiratory VRG neurons remain vitually unaltered by
respond with a sustained *K channel-mediated anoxia (Fig6B; Ballanyi et al., 1994, 1999; Ballanyi, 2004).
hyperpolarisation and conductance increase in response Tais tolerance to anoxia of excitatory synaptic transmission in
blockade of aerobic metabolism by either anoxia or cyanida subclass of neonatal respiratory neurons coincides with the
(Figs6B,C,7C; Ballanyi et al., 1994, 1999). In about 50% ability of inspiratory premotoneurons and motoneurons to
of these cells, the anoxic hyperpolarisation coincides witlyenerate (respiratory-related) spiking as obvious from the
suppression of respiratory-related membrane potentigdersistence of inspiratory motor output during anoxia.
fluctuations (Fig6C). This is particularly obvious in pre-  For some neuronal tissues, evidence has been presented that
inspiratory neurons that appear to constitute a secorabenosine formed during anoxia may et A1 receptors on
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Katp or other K channels to exert a protective function (Pek- This raises the question of whether the cellular ATP
Scott and Lutz, 1998; Mironov and Richter, 2000). However, theoncentration decreases considerably in neonatal respiratory
effects of adenosine on the respiratory network are not yet cleareurons during anoxia. The above findings in medullary dorsal
The agent strongly depresses breathimgvivo and this is  vagal neurons suggest that anoxic activation of neurogad K
antagonised by aminophylline, i.e. theophylline (Hedner et alghannels occurs in the absence of a major fall in ATP
1982; Eldridge et al., 1985). On the other hand, adenosireoncentrations (Mdller et al., 2002). Furthermore, cellular ATP
stimulates breathing in conscious, unanesthetised humatevels do not appear to decrease profoundly in the neonatal
(Fuller et al., 1987; Griffith et al., 1997). The depressant effeatespiratory network during anoxia periods of up ton80
of adenosine on breathiigvivois more potent during the time (Duffy et al., 1975; Wilken et al., 1998). In addition to?Ba
period around birth and/or is also more severe in anesthetisadd tolbutamide, muscarine and thyrotropin-releasing hormone
animals (Herlenius et al., 2002). Hypoxia—anoxia elevateseverse the respiratory response to anoxia in the
adenosine levels in the VRG of adult datsivo (Richter et al., brainstem—spinal cord preparation (Ballanyi et al., 1999;
1999) and in the rostral brainstem of fetal sheep (Koos et aBallanyi, 2004). This suggests that a yet undetermined
1994). The rostral brainstem has a high densitysaidenosine mediator acting on (G protein-regulatedpmi€ channels is
receptors (Bissonnette and Reddington, 1991) that are possiltBleased (or suppressed) during anoxia. Alternatively, cellular
involved in central respiratory inhibitioim vitro andin vivo  processes such as changes in phosphorylation or redox state
(Herlenius and Lagercrantz, 1999; Mironov et al., 1999)may be responsible forA¢p channel activation and, thus, for
Furthermore, the adenosine receptor antagonist theophyllirmoxic slowing of rhythm, although these processes do not
blocks, at least partly, the depressant response to oxygappear to contribute to activation of theti& channels in
deprivation in vivo (Darnall, 1985). A similar antagonistic dorsal vagal neurons (Mdller et al., 2002). The observation that
effect of theophylline (16fimoll-Y) was revealed in the the anoxic slowing of the neonatal respiratory rhythm is
brainstem-spinal cord preparation of newborn rats (Kawai et amediated by Ktp channels shows that this is not a
1995). By contrast, 500mol I-1 theophylline or 2.fumol -2 of  pathological consequence of anoxic perturbation of cellular
the Ar adenosine receptor blocker 8-cyclopentyl-1,3-dipropylfunction. Rather, it may represent an adaptive mechanism
xanthine fails to reverse both the anoxic frequency decrease aserving for conservation of energy during severe hypoxia such
the hyperpolarisation of respiratory neurons in the samagro  as that occurring during birth (Ballanyi, 2004). Interestingly,
preparation (Ballanyi et al., 1999). 8-cyclopentyl-1,3-dipropyl-Katp channels appear to be active during normoxia, as
xanthine is effectiven vitro as it blocks adenosine-mediated sulfonylureas depolarise dorsal vagal neurons of medullary
suppression of non-respiratory excitatory postsynaptic potentiatdices (Trapp et al., 1994) as well as respiratory neunorigo
in VRG neurons and abolishes the anticonvulsant effect dPierrefiche et al., 1998) amtvitro (Haller et al., 2001). That
adenosine on spinal motor circuits (Brockhaus and Ballanythe physiological activity of Krp channels is relevant for
2000). Finally, adenosine neither mimics the anoxic slowingespiratory functions is indicated by the observation that
of the neonatal respiratory rhythm nor the concomitansulfonylureas increase the frequency of the respiratory rhythm
hyperpolarisation of VRG neurons (F&C). in medullary slices from newborn rats (K. Ballanyi and L.
According to the proposed pivotal role of PBC conditionalSecchia-Ballanyi, unpublished observations).
burster neurons in respiratory rhythm generation, an anoxic
hyperpolarisation of these cells and/or of cells that provide a
tonic excitatory drive to these neurons would slow the Conclusions
respiratory rhythm. Thus, it is possible that the dhannel- This article has presented three examples for the
mediated anoxic hyperpolarisation, observed in the majority dhvolvement of Katp channels in the response of neuronal
neonatal respiratory neurons (Ballanyi et al., 1994, 199%tructures to oxygen depletion. In mature Purkinje neurons and
Ballanyi, 2004), is causally related to the secondary respiratornyeonatal respiratory neurons, these metabolism-gated K
depression. In line with this view, Bawhich blocks inwardly channels appear to play a protective role during brain
rectifying K* channels including Krp channels (Ashcroft and hypoxia—anoxia. In the Purkinje neurons, these channels delay
Gribble, 1998; Topert et al., 1998; Aguilar-Bryan and Bryanthe onset of the profound secondary rise of the cytosofit Ca
1999), antagonises not only the anoxic hyperpolarisation afoncentration as a major factor of hypoxic-ischemic cell death.
neonatal VRG cells (FigeC) but also the accompanying And, in the neonatal respiratory networkat& channels
frequency depression of respiratory rhythm (Ballanyi et al.functionally inactivate a major population of respiratory
1999; Ballanyi, 2004). The same reports provide more direateurons not required for rhythm generation, while thepK
evidence for an involvement of Afp channels, as both channel-mediated hyperpolarisation of rhythmogenic burster
tolbutamide and the more potent sulfonylurea gliclazideneurons, or of tonic pacemaker cells providing excitatory drive
reverse both the depressing effect of anoxia on respiratotg these neurons, does not lead to inactivation of the cells.
frequency (Fig7A) and the anoxic hyperpolarisation or Rather, this anoxic hyperpolarisation appears to reduce the
outward current of VRG neurons (FigB) (Ballanyi et al., frequency of their bursting and thus likely suppresses breathing
1999; Ballanyi, 2004; see also Haller et al., 2001; Mironov andhovements. In contrast to these examplegspikchannels of
Richter, 2000). dorsal vagal neurons do not seem to play a protective role in
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hypoxia—anoxia but rather may be involved in other metabolicowan, A. I. and Martin, R. (1992). lonic basis of membrane potential
functions such as glucose sensing. There is increasing evidencghanges induced by anoxia in rat dorsal vagal motoneurdnéysiol.

that Ka h | t onl tive duri depleti Lond. 455 89-109.
a TP Channels are not only active during energy deple IOIfI‘.')arnaII, R. A., Jr (1985). Aminophylline reduces hypoxic ventilatory

but also during physiological activity of brain cells. This depression, possible role of adenosiPediatr. Res19, 706-710.
suggests that they serve multiple functions to couple cellulduffy, T- E., Kohle, S. J. and Vannucci, R. C(1975). Carbohydrate and

. . . L energy metabolism in perinatal rat brain, relation to survival in andxia.
energy metabolism with neuronal excitability. Neur%)éhem24 271_27(?

Eldridge, F. L., Millhorn, D. E. and Kiley, J. P. (1985). Antagonism by

The work was supported by the Alberta Heritage g\ﬁophflggemcgsrﬁggatory inhibition induced by adenoside.Appl.
. . : ysiol.59, - .
Fou.ndatlon for Medical Research (AHFM.R)’ the Car_]adlari:azekas, J. F., Alexander, F. A. D. and Himwich, H. §1941). Tolerance
Institutes of Health (CIHR) and the Canadian Foundation for of the newborn to anoxid. Physiol. Lond134, 282-287.
Innovation (CFI). Feldman, J. L. (1986). Neurophysiology of breathing in mammals. In
Handbook of Physiology. The Nervous System. Intrinsic Regulatory Systems
in the Brain pp. 463-524. Washington, DC: American Physiological

Society.
References Fuller, R. W., Maxwell, D. L., Conradson, T. B., Dixon, C. M. and Barnes,

Adolph, E. F. (1969). Regulations during survival without oxygen in infant ~P. J. (1987). Circulatory and respiratory effects of infused adenosine in

mammalsRespir. Physiol7, 356-368. conscious marBr. J. Clin. Pharmacol24, 306-317.
Aguilar-Bryan, L. and Bryan, J. (1999). Molecular biology of adenosine Garcia de Arriba, S., Franke, H., Pissarek, M., Nieber, K. and llles, P.

triphosphate-sensitive potassium chanrigtedocrinol. Rev20, 101-135. (1999). Neuroprotection by ATP-dependent potassium channels in rat
Ashcroft, F. M. and Gribble, F. M. (1998). Correlating structure and function ~_ neocortical brain slices during hypoxfdeurosci. Lett273 13-16.

in ATP-sensitive K channelsTrends Neurosci21, 288-294. Griffith, T. L., Christie, J. M., Parsons, S. T. and Holgate, S. T(1997).

Balchen, T. and Diemer, N. H.(1992). The AMPA antagonist, NBQX,  The effect of dipyridamole and theophyliine on hypercapnic ventilatory
protects against ischemia-induced loss of cerebellar Purkinje cells. responses, the role of adenosiBar. Respir. J10, 156-160.

Neuroreport3, 785-788. Haddad, G. G. and Jiang, C.(1993). Q deprivation in the central nervous
Ballanyi, K. (2004). Neuromodulation of the perinatal respiratory network. —System, on mechanisms of neuronal response, differential sensitivity and
Curr. Neuropharmacol2, 221-243. injury. Progr. Neurobiol.40, 277-318.

Ballanyi, K. and Kulik, A. (1998). Intracellular C& during metabolic ~ Haller, M., Mironov, S. L., Karschin, A. and Richter, D. W. (2001).
activation of Katp channels in spontaneously active dorsal vagal neurons in  Dynamic activation of K(ATP) channels in rhythmically active neurdns.

medullary slicesEur. J. Neuroscil0, 2574-2585. Physiol. Lond537, 69-81.

Ballanyi, K., Kuwana, S., Volker, A., Morawietz, G. and Richter, D. W. Hansen, A. J.(1985). Effect of anoxia on ion distribution in the br&hysiol.
(1992). Developmental changes in the hypoxia tolerance ontivitro Rev.65, 101-148. _
respiratory network of ratdleurosci. Lett148 141-144. Hedner, T., Hedner, J., Wessberg, P. and Jonason, (1982). Regulation

Ballanyi, K., Volker, A. and Richter, D. W. (1994). Anoxia induced of breathing in the rat, indications for a role of central adenosine
functional inactivation of neonatal respiratory neuronis vitro. mechanismsNeurosci. Lett33, 147-151.

Neuroreport6, 165-168. Herlenius, E. and Lagercrantz, H.(1999). Adenosinergic modulation of

Ballanyi, K., Doutheil, J. and Brockhaus, J.(1996a). Membrane potentials respiratory neurones in the neonatal rat braingtevitro. J. Physiol. Lond.
and microenviroment of rat dorsal vagal ceifs vitro during energy 518 159-172.
depletion.J. Physiol. Lond495, 769-784. Herlenius, E., Aden, U., Tang, L. Q. and Lagercrantz, H(2002). Perinatal

Ballanyi, K., Volker, A. and Richter, D. W. (1996b). Functional relevance respiratory control and its modulation by adenosine and caffeine in the rat.
of anaerobic metabolism in the isolated respiratory network of newborn rats. Pediatr. Res51, 4-12.

Eur. J. Physial432, 741-748. Hochachka, P. W. (1986). Defense strategies against hypoxia and
Ballanyi, K., Onimaru, H. and Homma, |. (1999). Respiratory network hypothermiaScience231, 234-241.

function in the isolated brainstem-spinal cord of newborn matsg. Hochachka, P. W. and Lutz, P. L.(2001). Mechanism, origin, and

Neurobiol.59, 583-634. evolution of anoxia tolerance in animaBmp. Biochem. Physiol. B30,
Barenberg, P., Strahlendorf, H. and Strahlendorf, J.(2001). Hypoxia 435-459.

induces an excitotoxic-type of dark cell degeneration in cerebellar Purkinjelorn, M. and Schlote, W. (1992). Delayed neuronal death and delayed

neuronsNeurosci. Re40, 245-254. neuronal recovery in the human brain following global ischeria
Bickler, P. E. and Buck, L. T.(1998). Adaptations of vertebrate neurons to  Neuropathol 85, 79-87.

hypoxia and anoxia, maintaining critical €@oncentrations). Exp. Biol. Karschin, A., Brockhaus, J. and Ballanyi, K. (1998). Katp channel

201, 1141-1152. formation by SUR1 receptors with Kir6.2 subunits in rat dorsal vagal

Bissonnette, J. M. and Reddington, M. (1991). Autoradiographic neurons in situd. Physiol. Lond509, 339-346.
localization of adenosine Al receptors in brainstem of fetal sligyem Kawai, A., Okada, Y., Muckenhoff, K. and Scheid, P(1995). Theophylline
Res. Dev. Brain Re61, 111-115. and hypoxic ventilatory response in the rat isolated brainstem-spinal cord.
Booth, R. F., Patel, T. B. and Clark, J. B.(1980). The development of Respir. Physiol100, 25-32.
enzymes of energy metabolism in the brain of a precocial (guinea pig) art€oos, B. J., Mason, B. A., Punla, O. and Adinolfi, A. M(1994). Hypoxic

non-precocial (rat) specie3. Neurochem34, 17-25. inhibition of breathing in fetal sheep, relationship to brain adenosine
Brasko, J., Rai, P., Sabol, M. K., Patrikios, P. and Ross, D. T1995). The concentrationsJ. Appl. Physiol77, 2734-2739.

AMPA antagonist NBQX provides partial protection of rat cerebellarKristian, T. and Siesjo, B. K. (1996). Calcium-related damage in ischemia.

Purkinje cells after cardiac arrest and resuscitafivain Res.699, 133- Life Sci.59, 357-367.

138. Kulik, A. and Ballanyi, K. (1998). Mitochondrial mediation of cyanide-
Brockhaus, J. and Ballanyi, K. (2000). Anticonvulsant A(1) receptor- evoked calcium rises in dorsal vagal neurons in Biwu. J. Physiol(Abstr.)

mediated adenosine action on neuronal networks in the brainstem-spinal435 P12-1.

cord of newborn ratdNeuroscienc®6, 359-371. Kulik, A., Trapp, S. and Ballanyi, K. (2000). Ischemia but not anoxia evokes
Brockhaus, J., Ballanyi, K., Smith, J. C. and Richter, D. W.(1993). vesicular and CH-independent glutamate release in the dorsal vagal

Microenvironment of respiratory neurons in timevitro brainstem-spinal complexin vitro. J. Neurophysiol83, 2905-2915.

cord of neonatal ratg. Physiol. Lond462, 421-445. Kulik, A., Brockhaus, J., Pedarzani, P. and Ballanyi, K.(2002). Chemical
Brown, A. M., Westenbroek, R. E., Catterall, W. A. and Ransom, B. R. anoxia activates ATP-sensitive and blockg*@tependent K channels in

(2001). Axonal L-type C& channels and anoxic injury in rat CNS white  rat dorsal vagal neuroris situ. Neuroscience 10, 541-554.

matter.J. Neurophysiol85, 900-911. Laughton, W. B. and Powley, T. L.(1987). Localization of efferent
Choi, D. W. (1994). Calcium and excitotoxic neuronal injuiyn. N. Y. Acad. function in the dorsal motor nucleus of the vaghmi. J. Physiol252,

Sci. 747, 162-171. R13-R25.



3212 K. Ballanyi

Leblond, J. and Krnjevic, K. (1989). Hypoxic changes in hippocampal Pulsinelli, W. A., Brierley, J. B. and Plum, F.(1982). Temporal profile of

neuronsJ. Neurophysiol62, 1-14. neuronal damage in a model of transient forebrain ischefmia. Neurol.
Lipton, P. (1999). Ischemic cell death in brain neuroR$ysiol. Rev.79, 11, 491-498.
1431-1568. Raupach, T. and Ballanyi, K. (2004). Intracellular pH and Agp channel

Liss, B., Bruns, R. and Roeper, J(1999). Alternative sulfonylurea receptor activity in dorsal vagal neurons of juvenile rats in situ during metabolic
expression defines metabolic sensitivity of K-ATP channels in disturbancesBrain Res(in press).

dopaminergic midbrain neurorlSMBO J.18, 833-846. Richter, D. W. and Ballanyi, K. (1996). Response of the medullary
Luhmann, H. J. and Heinemann, U.(1992). Hypoxia-induced functional respiratory network to hypoxia. A comparative analysis of neonatal and

alterations in adult rat neocortek. Neurophysiol67, 798-811. adult mammals. InTissue Oxygen Deprivation. From Molecular To
Lukyanetz, E. A., Stanika, R. I., Koval, L. M. and Kostyuk, P. G.(2003). Integrated Function(ed. G. G. Haddad and G. Lister), pp. 751-777. New

Intracellular mechanisms of hypoxia-induced calcium increases in rat York, Basel, Hong Kong: Marcel Dekker.

sensory neurongirch. Biochem. Biophy4.10, 212-221. Richter, D. W., Ballanyi, K. and Schwarzacher, S(1992). Mechanisms of
Lutz, P. L. and Nilsson, G. E.(1994).The Brain Without OxygerSecond respiratory rhythm generatio@urr. Opin. Neurobiol2, 788-793.

edition. New York: Chapman and Hall. Richter, D. W., Ballanyi, K. and Lalley, P. M. (1999). Mechanisms of
Miki, T., Liss, B., Minami, K., Shiuchi, T., Saraya, A., Kashima, Y., respiratory rhythm generation and their disturbanc&ehabilitation of the

Horiuchi, M., Ashcroft, F., Minokoshi, Y., Roeper, J. et al(2001). ATP- Patient with Respiratory Diseaged. N. S. Cherniack, M. D. Altose and I.

sensitive K channels in the hypothalamus are essential for the maintenance Homma), pp. 53-68. New York: McGraw-Hill.

of glucose homeostasisat. Neurosci4, 507-512. Schuchmann, S., Lickermann, M., Kulik, A., Heinemann, U. and

Mironov, S. L. and Richter, D. W. (2000). Intracellular signalling pathways Ballanyi, K. (2000). C&* and metabolism-related changes of
modulate K(ATP) channels in inspiratory brainstem neurones and their mitochondrial potential in voltage-clamped CA1 pyramidal neunoisgu.
hypoxic activation, involvement of metabotropic receptors, G-proteins and J. Neurophysiol83, 1710-1721.
cytoskeletonBrain Res853 60-67. Smith, J. C., Ellenberger, H. H., Ballanyi, K., Richter, D. W. and Feldman,

Mironov, S. L., Langohr, K. and Richter, D. W. (1999). A1 adenosine J. L. (1991). Pre-Botzinger complex, a brainstem region that may generate
receptors modulate respiratory activity of the neonatal mouse via the cAMP- respiratory rhythm in mammalScience254, 726-729.

mediated signaling pathway. Neurophysiol81, 247-255. Sun, M. K. and Reis, M. K. (1994). Hypoxia-activated €& xcurrents in
Misgeld, U. and Frotscher, M.(1982). Dependence of the viability of neurons ~ pacemaker neurones of rat rostral ventrolateral medullghysiol. Lond.
in hippocampal slices on oxygen sup@yain Res. Bull8, 95-100. 476, 101-116.

Mourre, C., Ben-Ari, Y., Bernardi, H., Fosset, M. and Lazdunski, M. Topert, C., Doring, F., Wischmeyer, E., Karschin, C., Brockhaus, J.,
(1989). Antidiabetic sulfonylureas, localization of binding sites in the brain Ballanyi, K., Derst, C. and Karschin, A.(1998). Kir2.4, a novel Kinward
and effects on the hyperpolarization induced by anoxia in hippocampal rectifier channel associated with motoneurons of cranial nerve ndclei.
slices.Brain Res486, 159-164. Neurosci.18, 4096-4105.

Muller, M. and Ballanyi, K. (2003). Dynamic recording of cell death in the Trapp, S. and Ballanyi, K. (1995). Katp channel mediation of anoxia-
in vitro dorsal vagal nucleus of rats in response to metabolic adest.  induced outward current in rat dorsal vagal neurons in vitrd&?hysiol.
Neurophysiol 89, 551-561. Lond. 487, 37-50.

Muller, M., Brockhaus, J. and Ballanyi, K. (2002). ATP-independent anoxic Trapp, S., Ballanyi, K. and Richter, D. W.(1994). Spontaneous activation
activation of ATP-sensitive Kchannels in dorsal vagal neurons of juvenile  of Katp current in rat dorsal vagal neurofNeuroreports, 1285-1288.

micein situ. Neurosciencd 09, 313-328. Trapp, S., Liuckermann, M., Brooks, P. S. and Ballanyi, K.(1996).
Nicholls, D. G. and Budd, S. L(2000). Mitochondria and neuronal survival. Acidosis of dorsal vagal neurons in situ during spontaneous and evoked
Physiol. Rev80, 315-360. activity. J. Physiol. Lond496, 695-710.

Nowicky, A. V. and Duchen, M. R(1998). Changes in [€§; and membrane  Vannucci, R. C. and Vannucci, S. J.(1978). Cerebral carbohydrate
currents during impaired mitochondrial metabolism in dissociated rat metabolism during hypoglycemia and anoxia in newborn Aais. Neurol.

hippocampal neurond. Physiol. Lond507, 131-145. 4, 73-79.
Paxinos, G. and Watson, C.(1982). The Rat Brain in Stereotactic Voipio, J. and Ballanyi, K. (1997). Interstitial PC®and pH, and their role
Coordinates Sydney, New York: Academic Press. as chemostimulants in the isolated respiratory network of neonatal.rats.
Pedarzani, P., Kulik, A., Muller, M., Ballanyi, K. and Stocker, M. (2000). Physiol. Lond499, 527-542.
Molecular determinants of €adependent Kchannel function in rat dorsal ~ Wilken, B., Ramirez, J. M., Probst, I., Richter, D. W. and Hanefeld, F.
vagal neurons]. Physiol. Lond527, 283-289. (1998). Creatine protects the central respiratory network of mammals under

Pek-Scott, M. and Lutz, P. L.(1998). ATP-sensitive Kchannel activation anoxic conditionsPediatr. Res43, 8-14.
provides transient protection to the anoxic turtle bram. J. Physiol275, Wong-Riley, M. T. (1989). Cytochrome oxidase, an endogenous metabolic
R2023-R2027. marker for neuronal activitylrends Neuroscil2, 94-101.

Pierrefiche, O., Bischoff, A. M. and Richter, D. W.(1998). ATP-sensitive  Zawar, C. and Neumcke, B(2000). Differential activation of ATP-sensitive
K* channels are functional in expiratory neurones of normoxic dats. potassium channels during energy depletion in CA1 pyramidal cells and
Physiol. Lond494, 399-409. interneurones of rat hippocamp@liigers Arch439, 256-262.



