
A

t
d
l
l
b
r
o
e
w
i
b
r
s
A
©

K

a
E
a

1

Respiratory Physiology & Neurobiology 154 (2006) 226–240

Adaptive responses of vertebrate neurons to anoxia—Matching
supply to demand�

L.T. Buck ∗, M.E. Pamenter

University of Toronto, Department of Zoology, Toronto, Ont., Canada M5S 3G5

Accepted 10 March 2006

bstract

Oxygen depleted environments are relatively common on earth and represent both a challenge and an opportunity to organisms
hat survive there. A commonly observed survival strategy to this kind of stress is a lowering of metabolic rate or metabolic
epression. Whether metabolic rate is at a normal or a depressed level the supply of ATP (glycolysis and oxidative phosphory-
ation) must match the cellular demand for ATP (protein synthesis and ion pumping), a condition that must of course be met for
ong-term survival in hypoxic and anoxic environments. Underlying a decrease in metabolic rate is a corresponding decrease in
oth ATP supply and ATP demand pathways setting a new lower level for ATP turnover. Both sides of this equation can be actively
egulated by second messenger pathways but it is less clear if they are regulated differentially or even sequentially with the onset
f anoxia. The vertebrate brain is extremely sensitive to low oxygen levels yet some species can survive in oxygen depleted
nvironments for extended periods and offer a working model of brain survival without oxygen. Hypoxia tolerant vertebrate brain
ill be the primary focus of this review; however, we will draw upon research involving hypoxia/ischemia tolerance mechanisms

n liver and heart to offer clues to how brain can tolerate anoxia. The issue of regulating ATP supply or demand pathways will also
e addressed with a focus on ion channel arrest being a significant mechanism to reduce ATP demand and therefore metabolic

ate. Furthermore, mitochondria are ideally situated to serve as cellular oxygen sensors and mediator of protective mechanisms
uch as ion channel arrest. Therefore, we will also describe a mitochondria based mechanism of ion channel arrest involving
TP-sensitive mitochondrial K+ channels, cytosolic calcium and reaction oxygen species concentrations.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Vertebrate respiratory structures such as gills and

ungs function as sites of gas exchange, providing an
ntry point for oxygen required by cellular respiration
nd an exit point for carbon dioxide produced by cel-
ular respiration. Cellular respiration produces almost
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ll of the adenosine triphosphate (ATP) required by
cell to carry out its various functions. ATP is the

nergy currency of a cell; it is produced in one loca-
ion and shuttled to more distal sites where it is utilized
or amongst other things ion pumping, muscle con-
raction, and protein synthesis. Atmospheric oxygen
oncentration is about 21%, and for both terrestrial and
quatic organisms (air saturated water) cellular respira-
ion and ATP supply and demand are balanced, tightly
oupled and not compromised. However, ambient oxy-
en levels can vary dramatically and oxygen limited
nvironments are not uncommon on earth. For exam-
le, tide pools have a wide diurnal variation in oxygen
vailability, ranging from hyperoxia during daylight
ours to severely hypoxic at night. Flood plains, such as
he Amazon River basin, experience dramatic seasonal
ariations; high water and organic matter combine to
reatly reduce dissolved oxygen levels. A similar phe-
omenon occurs in coastal marine waters and in open-
cean. Perhaps familiar to some is the severely hypoxic
ater created by winter ice in northern freshwater

akes. Low temperatures, reduced light penetration and
mpaired atmospheric gas exchange caused by ice cover
ill off aquatic plant life while animal life consumes
he remaining O2. During periods of environmental
ypoxia or anoxia gas exchange by gills and lungs
ecomes is greatly reduced and cellular respiration can
ecome severely compromised, resulting in an uncou-
ling of ATP supply from demand. It is the matching
f ATP supply to demand that must be achieved to
urvive long-term anoxic conditions. To match supply
ith demand an organism has two options, increase

upply using anaerobic pathways or reduce demand
Hochachka, 1986). Increasing ATP supply is waste-
ul, since it results in the rapid depletion of glycogen
eserves and only serves to shorten survival time, reduc-
ng demand is the only viable long-term strategy for

vertebrate to survive without oxygen. A reduction
n demand inevitably leads to an overall reduction in
TP turnover and thus metabolic rate or as termed by
ochachka (1986)—metabolic arrest. The most sig-
ificant ATP “demanding” process in most cells and
articularly neurons is ion pumping to maintain or re-
stablish transmembrane ion gradients. Therefore, in

his review we will investigate the adaptive responses
f vertebrate neurons to anoxia and make a case for ion
hannel arrest as a fundamental adaptation for verte-
rate long-term anoxic survival.
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Neurons are generally regarded as the most anoxia-
ensitive cells and are therefore the natural place to look
or cellular adaptations permitting anoxic or hypoxic-
urvival in animals inhabiting regions of the earth
escribed above. Indeed, hypoxia-tolerant neurons are
ound in every order of vertebrates but most of the
esearch has focused on just a few species within these
rders (reptiles, fishes and amphibians). Probably the
est characterized anoxia-tolerant neurons are those
rom the cerebrocortex of the freshwater turtle genus
hrysemys (painted turtles). The western painted tur-

le Chrysemys picta survives 5 months of anoxia at
–3 ◦C during winter dormancy and at warmer tem-
erature tolerates anoxia 100–1000 times longer than
ammals (Jackson, 2002). Interestingly, many turtle

pecies, notably the southern soft-shelled turtle, are
ot particularly anoxia-tolerant (Crocker et al., 1999);
trongly indicating that the underlying mechanisms of
noxia-tolerance are a suite of unique adaptations.

Neurons from turtles represent an extreme; these
ells virtually switch off and the turtle brain becomes
ust about isoelectric throughout the anoxic winter dor-

ancy. Whereas anoxia-tolerant fishes such as the cru-
ian carp and the goldfish differ with turtles in that
hey and their neurons remain active during anoxic
eriods (Nilsson, 2001). Other fishes, such as aes-
ivating African lungfish, enter dormant, suspended
nimation states during dry periods, which are pos-
ibly associated with at least some degree of hypoxia.
dult amphibians may experience low ambient oxygen
uring retreats to burrows and cocoons during dry sea-
ons (e.g. the Australian frog Cyclorana platycephala
r the American spadefoot toad Scaphiopus couchii),
lthough the degree of hypoxia they encounter is proba-
ly not extreme. Spadefoot toads decrease metabolism
ubstantially during dormancy and some information
s available on the regulation of their hypometabolic
ondition (Storey, 2002). Species that spend the winter
ormant in hypoxic water have also been of inter-
st. The protective effect of metabolic rate depression
uring cold hypoxic submergence has been demon-
trated in adult hibernating Rana temporaria (Donohoe
t al., 2000). Rana brain maintains ATP levels for 2
ays at 3 ◦C in anoxia before declining (Donohoe and

outilier, unpublished data). Throughout all stages of
rolonged hypoxia (water PO2 30–60 mmHg), for up
o 16 weeks at 3 ◦C, frog brain ATP levels were main-
ained, although briefer anoxia at 25 ◦C is associated
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ith ATP loss (Knickerbocker and Lutz, 2001). The
bility to depress metabolic rate such that ATP demands
an be met by oxidative phosphorylation in an oxygen-
imited environment is probably the key to the frogs’
verwintering survival.

Numerous mammals are hypoxia tolerant but the
aked Kenyan mole rat Hetercephalus glaber, which
ives in a burrow environment of approximately 8%
xygen, is the reigning mammalian champion. Very lit-
le is known about the hypoxia or anoxia tolerance of
hese mammals although there cannot be any doubt that
ole rat neurons are hypoxia tolerant. Cortical and hip-

ocampal neurons from oxygen-sensitive species such
s Rattus norvegicus are hypoxia-tolerant during the
mbryonic and neonatal periods (Bickler and Hansen,
998; Haddad and Jiang, 1993). This is not surpris-
ng because oxygen tension in fetal brain is less than
alf the normal value for adults (Parer, 1993). In some
pecies the birth process or the nesting environment
ay be associated with hypoxia. Mammalian hiberna-

ion is associated with tolerance of hypoxia or ischemia,
lthough hibernation is neither ischemic nor hypoxic,
ince blood flow and metabolism are decreased in paral-
el and lactic acid does not accumulate (Hochachka and
uppy, 1987). Neurons from hibernating ground squir-

els tolerate hypoxia-glucose deprivation even when
tudied at 37 ◦C, suggesting that hypothermia is but one
actor in the tolerance of this tissue (Frerichs, 1999).

Little is known mechanistically concerning the
daptation of marine mammals to the brain hypoxia that
ccompanies deeper, long-duration dives, even though
heir tolerance is well defined (Lutz and Nilsson, 1997).
ypometabolism occurs during diving in seals (Hurley

nd Costa, 2001) and it would be fascinating to deter-
ine if portions of the brain participate in energy sav-

ngs by undergoing a reduction in activity during long
ives.

. Is metabolic depression regulated by ATP
upply or demand?

The phenomenon of metabolic arrest or depression
s extremely well documented and examples have been

ound in virtually all major animal phyla. A very thor-
ugh accounting of the magnitude of the metabolic
epression observed in all these species can be found
n articles by Guppy and Withers (1999) and Storey
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nd Storey (1990). Perhaps surprising is the magnitude
f the metabolic depression observed in small mam-
als and birds during hibernation and torpor which

an be as extreme as 1% of resting metabolic rate in
mouse (Storey and Storey, 1990). These periods are

ommonly accompanied by a decrease in body tem-
erature and are likely a strategy to conserve endoge-
ous fuel reserves in such a small animal during its
ubjective night. Hypothermia raises its own host of
hallenges for endothermic animals, chief of which is
ell swelling. Body temperature reductions differen-
ially impact the activities of ion channels and pumps,
uch as the Na+/K+ pump. Ion channels are relatively
nsensitive to temperature changes and exhibit rela-
ively small Q10 effects of about 2, while ion motive
umps such as the Na+/K+ pump can experience much
igher Q10 effects. The disparity between ion pump-
ng and ion channel leak leads to a redistribution of
ons, cell swelling and depolarization (for review see
outilier, 2001). However, these problems are avoided
y mammals and birds that seasonally hibernate or
ndergo diurnal torpor and there are likely interest-
ng neuronal adaptations to be discovered in extremists
ithin this group, such as the arctic ground squirrel

Buck and Barnes, 2000).
Although there is little doubt that metabolic arrest

ccurs in nature the mechanism by which it does so
emains uncertain. Furthermore, there is some dis-
ussion as to whether metabolic arrest is initiated by
egulation of pathways on the ATP supply (glycoly-
is, oxidative phosphorylation) or on the ATP demand
protein synthesis, ion pumping) side of the equation
Fig. 1). Although metabolic arrest refers to lowered
nergy or ATP turnover in the hypometabolic state it is
lso loosely used to refer to the ATP supply pathways of
lycolysis and oxidative phosphorylation as indicated
n Fig. 1. Ion pumping by Na+/K+ ATPase and pro-
ein synthesis utilize a similar 20–30% fraction of the
otal ATP coupled oxygen consumption. The remain-
er is associated with mitochondrial proton leak (20%),
a2+ ATPase (8%), actinomyosin (10%), gluconeoge-
esis (10%) and ureagenesis (3%; Rolf and Brown,
997). Protein synthesis is a large ATP consumer but
s rapidly reduced in hypoxic or anoxic tissues of the

urtle and goldfish but not in hypoxia intolerant species
Hochachka et al., 1996; Krumschnabel et al., 2000).

sensitive detector of cellular energy status and regu-
ator of protein synthesis—AMP kinase (AMPK) may
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Fig. 1. An illustration showing the major components of metabolic and ion channel arrest. There are many examples of metabolic arrest in nature
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ut how is ATP demand decreased in a coordinated fashion with ATP
on gradients by ion motive ATPases (3) is the most energy expensive
o ions would result in a large ATP savings (4).

egulate the hypoxia mediated decreases in protein syn-
hesis (Lindsey and Rutter, 2004). AMPK is activated
y increases in cellular [AMP] and inhibited by high
ATP] and is regulated by differential phosphoryla-
ion. Although cellular adenylate levels do not change
ppreciably in anoxia-tolerant organisms, regional het-
rogeneity may occur and the key may again lie in phos-
horylation of the enzyme. Regardless this enzyme has
ot been investigated in anoxia-tolerant species.

.1. Regulation by ATP supply

Studies of the kinetic properties of the important
lycolytic control enzymes phosphofructokinase and
yruvate kinase consistently show phosphorylation
nd decreased activities of this pair during hiberna-
ion, estivation, and overwintering in squirrel, snail
nd turtle tissues (Storey, 1998). There are also co-
rdinate changes in the enzymes likely responsible
or phosphorylation—protein kinase C and A (Storey,
998). In fact, the activity of PKA and PKC and the
oncentration of cAMP increases within the first hour
f anoxia in turtle liver and decreases thereafter, point-

ng to a glycolytic regulatory role during the transition
o anoxia. Furthermore, protein phosphatase 1 activity
ecreases, consistent with a general increase in cellular
rotein phosphorylation levels.

p
e
p
c

ia glycolysis (1) and oxidative phosphorylation (2)? Maintenance of
r process. Therefore, a reduction in plasma membrane permeability

The concept of regulation from the supply side
arners some support from experiments on mitochon-
rial proton leak. Proton leak is estimated to account
or 15–30% of standard metabolic rate in both endo
nd ectothermic species and could therefore result in
ignificant energy inefficiencies during hypometabolic
eriods (Hulbert et al., 2002; Bishop et al., 2002). The
ypothesis that proton leak is actively regulated in esti-
ating and hibernating species in a channel arrest fash-
on and leads to increased energy efficiency proved to
e incorrect. In these experiments proton leak was not
ctively regulated, however it did decrease passively
s a result of a decrease in mitochondrial membrane
otential (Bishop et al., 2002). By dividing energy
etabolism into three components: (1) substrate oxida-

ion (glycolysis, Kreb’s cycle, and electron transport),
2) proton leak (across the mitochondrial inner mem-
rane), and ATP turnover (ATP synthase and ATP
onsumers such as ion pumps) the contribution of
ach component to metabolic rate was determined in
ontrol and aestivating snail populations. Using hep-
topancreas cells from these populations and the mito-
hondrial ATP synthase inhibitor ouabain to block

roton movement into the matrix, proton leak was
stimated. The response of the substrate oxidation com-
onent was also tested by titration with FCCP (carbonyl
yanide p-trifluoromethoxyphenylhydrazone), a pro-
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on ionophore that dissipates the proton gradient. This
ethodology demonstrated that mitochondria from

stivating snails had a reduced ability to increase respi-
ation in response to the same concentration of FCCP
s compared to control animals. There were less dra-
atic changes when comparisons were made between
TP consuming reactions (or ATP turnover) in aestiva-

ion and control animals. It was concluded that about
5% of the total response of mitochondrial respira-
ion to aestivation was caused by changes in substrate
xidation and only 25% attributed to ATP turnover of
he ATP demand side of the equation (Bishop et al.,
002).

Similar conclusions have been drawn from proton
eak experiments on hibernating arctic ground squirrels
nd frogs (Barger et al., 2003; Boutilier and St. Pierre,
002). One of the difficulties in interpreting these data
s that the respiratory data are normalized to milligram
ell protein or cell number. Both of these measure-
ents can overlook decreases in the actual concen-

rations of the enzymes of substrate oxidation as has
een pointed out in studies investigating muscle mito-
hondrial enzyme content and fiber-type differences
Leary et al., 2003; Dalziel et al., 2005). Furthermore,
he proton leak studies are conducted on animals fol-
owing several weeks of hibernation or aestivation and
ikely represent a period when metabolism has reached
new hypometabolic steady state, making it difficult

o draw mechanistic inferences. Indeed, hepatocytes
nd hepatopancreas cells retain their lower metabolic
ates even after being isolated from hypometabolic ani-
als, making them excellent model systems but the

ower rates are likely due to lower titers of oxidative
nzymes. For example, levels of citrate synthase and
ytochrome oxidase decrease by about 20 and 40%,
espectively, in aestivating snails compared to control
nails (Boutilier and St. Pierre, 2002). Furthermore, the
ituation is not as simple as it appears; the response is
issue and species specific. Aestivating in vitro frog
keletal muscle exhibits lowered respiration rates but
ntestine, liver, skin and fat do not, while arctic ground
quirrel hepatocytes and snail hepatopancreas cells do
how a respiratory depression (Boutilier and St. Pierre,
002). We argue that reduced substrate oxidation rates

n cells from hibernating and aestivating animals is the
esult of metabolic arrest and not the cause. To deter-
ine what the ultimate mechanisms and regulators of
etabolic depression are, studies performed during the
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ransition to a depressed metabolic state are required. A
eduction in ATP demand, either ahead of or in concert
ith reductions in ATP supply, still remains the most

ogical order of events for entry into a hypometabolic
tate. As we will outline next, ion channel arrest would
eem to be the most important first step to reducing
TP demand.

.2. Regulation by ATP demand: neuronal ion
hannel arrest and adenosine

Regulating the demand for ATP during the transi-
ion to a hypometabolic state would seem to be the
ogical first step and is supported by studies showing
educed protein synthesis, Na+/K+ ATPase and NMDA
eceptor activity with the onset of anoxia (Buck, 2004).
he ion channel arrest hypothesis, as proposed by
ochachka (1986), is likely a key part of the under-

ying mechanism to reduce ATP demand. The Chan-
el Arrest hypothesis makes two predictions: (1) that
noxia-tolerant organisms have an inherently low per-
eability plasma membrane (either low channel densi-

ies or low channel activities) and (2) that they sustain
further suppression of membrane permeability when

xposed to low oxygen conditions (further “channel
rrest”, by either suppression of channel densities or
hannel activities). The first prediction appears to be
rue. Comparisons of membrane permeability to Na+

nd K+ in a mammal and reptile of similar size and
ody temperature indicate that reptile membranes are
bout five-fold less “leaky” than mammalian mem-
ranes (Else and Hulbert, 1987). The measurement of
hannel arrest has proven to be more difficult than that
f metabolic arrest but there are data supporting the
ypothesis. The oxygen sensing mechanisms and sec-
nd messenger pathways that must be part of such
cell-based mechanism are even more elusive and

ave been recently reviewed (Bickler and Donohoe,
002).

Indirect measures of ion channel arrest include the
aintenance of membrane potential while Na+/K+

TPase activity decreases by 75% in anoxic turtle hep-
tocytes (Buck and Hochachka, 1993); an anoxia medi-
ted 42% decrease in voltage gated Na+ channel density

n turtle cerebellum (Perez-Pinzon et al., 1992); and
hypoxia mediated 50% decrease in Na+/K+ ATPase

ctivity coupled with decreased Na+ permeability and
aintenance of membrane potential in frog skeletal
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uscle (Donohoe et al., 2000). The only direct mea-
ures of ion channel arrest come from our lab and
ocus on anoxia mediated reductions in NMDA recep-
or open probability and whole-cell currents in turtle
eurons (Bickler and Buck, 2002; Shin and Buck,
003) and more recently goldfish (Buck et al., unpub-
ished observations). In turtle brain cerebral cortical
heets a 62% decrease in NMDA receptor single chan-
el open time (Popen) occurs within 15 min of the onset
f anoxia (Bickler et al., 2000; Buck and Bickler, 1995,
998). This decrease could be reproduced by adeno-
ine or during normoxia with the A1 receptor agonist
yclopentyladenosine (CPA). Thus far the ability to
cutely regulate NMDA receptor activity in response to
noxia has only been described in the freshwater turtle
C. picta) but may generally be a neuronal adaptation
f anoxia-tolerant species.

The NMDA receptor is a high-flux ligand-gated
ation channel that is highly permeable to Ca2+ and
s required for fast excitatory neuro-transmission in
he CNS. It has been identified as the major site of a
athophysiological lesion leading to irreversible anoxic
njury in the mammalian central nervous system. That
s, the excessive rise in intracellular Ca2+ characteris-
ic of lethal cell injury has been shown to result from
yperstimulation of NMDA receptors following exces-
ive presynaptic glutamate release during ischemic
r anoxic periods (for review see Buck, 2004). The
ntracellular domain of the NMDA receptor is known
o contain multiple phosphorylation sites. In general
hosphorylation of NMDA receptors tends to increase
a2+ currents and dephosphorylation decreases Ca2+

urrents. Using both single channel patch-clamp and
hole cell patch-clamp recording methods the chan-
el has been shown to be phosphorylated by a number
f protein kinases, such as: protein kinase A, protein
inase C, CaM kinase II, and tyrosine kinase. The chan-
el has also been shown to be dephosphorylated by
he associated protein phosphatases, Ca2+/calmodulin-
ependent protein phosphatase 2B, protein-tyrosine
hosphatase and protein phosphatase 1 and 2A (see
uck, 2004; Shin et al., 2005).

The role that receptor phosphorylation status plays
n the transition to anoxia in an anoxia-tolerant organ-

sm is unknown but it is reasonable to assume it does
lay a role. It is also reasonable to speculate that adeno-
ine may be an important signaling molecule in brain
hat influences receptor phosphorylation status, since

(
s
A
m

gy & Neurobiology 154 (2006) 226–240 231

oth A1R and A2R have been shown to have a depres-
ant effect on neural activity (Lin and Phillis, 1991).

notable exception is in rat carotid body type II cells
here adenosine, acting via A2A receptors (A2R sub-

ype), appears to inhibit outwards currents, thereby
epolarizing cells and increasing excitability (Vandier
t al., 1999). Additionally, adenosine has been shown
o have a tonic regulatory role in the normoxic func-
ioning of neurons because uptake pathway inhibitors
nd adenosine deaminase inhibitors sharply increase its
oncentration in microdialysis perfusates. Moreover,
adenosine] increases in response to NMDA applica-
ion in rat cerebrocortex, and can be blocked with
etrodotoxin, pointing to an activity-dependent compo-
ent of adenosine release (Buck, 2004). Indeed, adeno-
ine is well established as a potent pre- and postsynaptic
euromodulator and is likely to be one of the key
etabolites involved in any neuronal anoxia-tolerance
echanism. The NMDA receptor is an important target

or an effective anoxia-tolerance strategy in the tur-
le brain since activating the receptor in anoxic brain
heets results in a high degree of cell death, similar
o that observed in anoxic mammalian brain (Bickler
t al., 2000). Anoxic regulation of this receptor-ion
hannel is likely even more critical because ion-
zed calcium levels in cerebral spinal fluid increase
y about 6.5-fold during prolonged anoxia (Jackson,
002).

. Neuronal whole-cell conductance and
ackground K+ channels

Not only has a decrease in NMDA receptor single
hannel Popen and whole-cell currents been demon-
trated to occur in anoxic turtle neurons but also a
ecrease in whole cell conductance (Gw). Using patch
lectrodes Gw was shown to decrease 27% within
0 min of the onset of anoxic perfusion (from 3.4 ± 0.3
o 2.5 ± 0.3 nS (Ghai and Buck, 1999)). Normoxic
denosine application resulted in a 32% reduction in
w and the A1 receptor agonist cyclopentyladeno-

ine (CPA) could reproduce this effect. The potent A1
eceptor blocker 8-cyclopentyl-1,3-dipropylxanthine

DPCPX) could prevent both the anoxia and adeno-
ine mediated decrease in Gw. Moreover, the potent
1 receptor antagonist DPCPX blocked the adenosine
ediated decrease in Gw and the A1 specific recep-
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types of leakage K+ channels have been identified in
mammalian CNS, including the two pore domain weak
inward rectifier K+ channel (TWIK-1, Lesage et al.,
1997) and the outward rectifier- TREK-1 (Fink et al.,
1996). Also, an acid sensitive two pore domain K+

channel (TASK) has been demonstrated to be nonin-
activating at all membrane potentials tested, a manner
which is characteristic of a background or leakage
channel (Leonoudakis et al., 1998). Buckler (1997) has
shown that anoxia induces a significant reduction in
the resting membrane conductance of rat carotid body
type I cells through the inhibition of a background
K+ conductance. This phenomenon has recently been
extended to the central nervous system. Inhibition of
TASK channels with low pH or anandamide prevents
hypoxic depolarization of cultured rat cerebellar gran-
ule neurons, indicating that TASK channel underlie
this response (Plant et al., 2002). Thus, it is possible
that during the transition to anoxia K+ leakage channel
permeability is decreased by an adenosine mediated
second messenger pathway resulting in decreased Gw.
The ability to acutely regulate background K+ channel
conductance would significantly reduce the energetic
cost of ion pumping and be a major neuronal adaptation
to anoxic survival.

There are other findings that are consistent with
changes in K+ leakage channel permeability. The main-
tenance of transcellular K+ gradients in turtle brain
during anoxia is characteristic of anoxia-tolerance
in this organism. When Na+/K+ ATPase is inhib-
ited with ouabain during anoxia, effectively block-
ing the K+ re-uptake pathway, an estimate of back-
ground K+ leakage can be made. Under these con-
ditions the extracellular leakage of K+ in ouabain
inhibited anoxic turtle brain occurred at 70% the
rate of normoxic brain, indicating a reduced K+

conductance (Pek and Lutz, 1997). Superfusing the
brain with the adenosine receptor blockers theo-
phylline or 8-cyclopentylthephylline (a more specific
A1 receptor blocker) significantly reduced the time
to anoxic depolarization, suggesting that the reduced
K+ conductance is regulated by an adenosine recep-
tor based second messenger cascade. Furthermore,

+
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or agonist CPA decreased Gw in a dose dependent
anner, indicating that the effect likely involves a

eceptor based mechanism. The antagonist also pre-
ented the anoxia induced reductions in Gw suggest-
ng that endogenous adenosine released from cortical
heets during anoxia results in the observed decrease in
w.
The concentrations of Ca2+ and Mg2+ increase and

H decreases in turtle blood throughout an anoxic dive
Jackson, 2002); the concentration of intracellular Ca2+

[Ca2+]i) also increases in anoxic brain tissue (Bickler,
998). When normoxic and anoxic perfusions were per-
ormed with solutions that mimic the ionic composition
f turtle blood following a 1 month dive, Gw decreased
ignificantly, and increased [Ca2+]e was determined to
e the cause of this decrease (Ghai and Buck, 1999).
aken together with the failure of adenosine perfusion

o elicit a reduction in Gw in the presence of EGTA
hese data indicate that adenosine affects Gw through

change in [Ca2+]i. The A1 receptor is a G-protein
inked receptor able to modulate several intracellu-
ar cascades including phospholipase C (PLC)/inositol
riphosphate (IP3) and adenylate cyclase pathways (for
eview see Buck, 2004). Therefore, it is more probable
hat intracellular Ca2+ levels increase from A1 recep-
or activation via PLC and IP3 mediated Ca2+ release.
he anoxia-induced increase in intracellular calcium
ay function as a molecular switch as described for

he neuronal Ca2+ binding protein calmodulin, which
egulates the action of various protein kinases and phos-
hatases. These in turn alter the phosphorylation state
nd thus permeability of ion channels and receptors
esulting in an altered Gw. How the intracellular second
essenger traffic is regulated in a way that selectively

egulates the activity of the appropriate protein kinases
nd phosphatases is uncertain. The simultaneous mea-
urement of [Ca2+]i, Gw and NMDA receptor activity
uring an anoxic transition would be very informative,
specially as influenced by adenosine and second mes-
enger pathway modulators.

The anoxia-induced reduction in Gw may involve
he regulation of non-selective, voltage-independent
wo pore K+ channels, or “leakage K+ channels” that
re known to be regulated by differential phosphory-

ation and second messenger pathways (Talley et al.,
003). These channels are thought to contribute to
asal leakage currents and may be involved in estab-
ishing resting neuronal membrane potential. Several

the change in K conductance is not mediated by
changes in plasmalemma KATP channel permeability
since inhibitors of this channel did not significantly
reduce K+ efflux following 2 h of anoxia (Pek-Scott
and Lutz, 1998).
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. ATP-sensitive potassium channels

The neuroprotective effects of adenosine have been
inked to KATP channels in the maintenance of extracel-
ular glutamate in the anoxic turtle brain. During anoxia
lutamate release decreases by 44% and this effect is
bolished by the coordinated blockade of both adeno-
ine receptors and KATP channels but not when blockers
re applied individually (Milton et al., 2002). Simi-
arly, Milton and Lutz (2005) found that both adenosine
eceptors and KATP channels regulate the maintenance
f extracellular dopamine at low levels during early
noxia in the turtle brain: although no attempt was
ade to differentiate between the respective roles of

he plasma membrane and mitochondrial KATP chan-
el sub-populations in these studies. In mammalian
schemic preconditioning models, adenosine and mito-
hondrial KATP channels are involved coordinately in
europrotection (Heurteaux et al., 1995; Yoshida et al.,
004). These studies support the hypothesis that adeno-
ine mediation of NMDARs and mKATP mediation of
schemic preconditioning may be related mechanisms.

ore recently we have focused on measuring whole-
ell NMDAR currents during normoxic to anoxic tran-
itions since these measurements represent the average
esponse of many NMDARs, not just the extra synaptic
eceptors studied using single-channel methods (Shin
nd Buck, 2003; Shin et al., 2005). Our results show
hat adenosine, via the A1 receptor, attenuates NMDAR
ctivity during normoxia in a manner similar to that
een during anoxia, and that it is reproducible with
pecific mitochondrial KATP channel activation. How-
ver, during anoxia adenosine did not affect NMDAR
ctivity since A1 receptor blockade failed to abolish the
noxia-mediated decrease in NMDAR. In contrast, spe-
ific mKATP channel inhibition prevented the anoxia-
ediated decrease in NMDAR activity and blockade

f mitochondrial KATP channels also abolished the nor-
oxic effects of adenosine and A1 receptor regulation

f NMDAR currents (Pamenter and Buck, unpublished
esults). These results indicate that mitochondrial KATP
hannels play an important role in the anoxic regulation
f NMDARs.
.1. A mitochondrial link to ion channel arrest

Mitochondria play a pivotal role in cellular energy
omeostasis and in the processes of apoptosis and

p
e
t
b
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ecrosis and have been recently linked to ischemic
reconditioning in mammal heart and brain. Mito-
hondria are also known to be a source of reactive
xygen species but there is no information on the
ole mitochondria play in channel arrest. Precondition-
ng is a well described phenomenon in which a brief
ub-lethal hypoxic/ischemic bout can confer protection
o a subsequent more severe and previously injurious
ypoxic/ischemic bout. In the following section we will
utline a putative mechanism by which mitochondria
onfer hypoxic protection through mitochondrial KATP
hannels and how this may apply to ion channel and
etabolic arrest in anoxia-tolerant species.
The mitochondrial electrochemical gradient is the

esult of two forms of ionic interaction. The first is
he concentration gradient that results from the active
umping of protons across the inner mitochondrial
embrane. The second is a voltage gradient across the

nner membrane, with the matrix being −180 mV with
egard to the cytosol. The membrane is a barrier to pro-
ons, and thus the gradient is maintained. This allows
he energy of protons traveling back along their con-
entration gradient to be harnessed to move ions across
he membrane against their own concentration gradi-
nts. The mitochondrial membrane potential is gener-
ted primarily by the pumping of K+ ions out of the
atrix via an H+/K+ cotransporter, which is powered

y the proton concentration gradient. The combination
f the concentration and electrical gradients results in
proton-motive force, which energizes the phosphory-

ation of ADP to ATP via the ATP synthetase (Fig. 2).
Increases in the conductance of the mitochondrial

nner membrane can result in a short-circuiting of these
ystems. The opening of ion channels that are conduc-
ive to K+ or other ions results in an increased workload
n the H+-powered ion exchangers to return the ionic
quilibrium to resting levels. The reduced proton gradi-
nt can result in increased oxidative rates (uncoupling)
nd may serve to reduce reactive oxygen species (ROS)
roduction, alter Ca2+ homeostasis and be a protec-
ive mechanism against pathological insults as shown
n Fig. 2. There is evidence that mitochondrial ion
hannels are also involved in ischemic tolerance, two
f which are the ATP-sensitive and calcium-sensitive

otassium channels (mKATP and KCa). Opening of
ither of these channels allows K+ ions to flow into
he mitochondria. This influx is partially countered
y increasing the rate of the K+/H+ exchanger, which
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Fig. 2. Schematic showing a mitochondria-based mechanism of ion channel arrest. Opening of mitochondria K+ channels caused by lowered
matrix [ATP]: (1) causes an increased K+ flux into the mitochondria. Elevated [K+]m increases K+/H+ exchanger activity, resulting in uncoupled
r depolar
m +] (5). U
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espiration (2) and in mitochondrial membrane potential (3). This
itochondrial Ca2+ uptake and subsequently elevating cytosolic [Ca2

OS generation (6). Changes in [Ca2+]c and [ROS] alter ion channe

umps K+ ions out of the matrix at the expense of the
+ gradient. The loss of available H+ ions to counter-

ct the flux of K+ ions results in a partial uncoupling
f the proton gradient and a decrease in mitochondrial
embrane potential (�Ψm).

.2. Mitochondrial ATP-sensitive potassium
hannels

Mitochondrial ATP-sensitive potassium (mKATP)
hannels are located on the mitochondrial inner mem-

rane (Innoue et al., 1991). Their specific structure is
nknown, but thought to be structurally similar to plas-
alemmal KATP channels, which are composed of four

ore-forming inward-rectifying K+ channel subunits

t
i
t
a

ization reduces the activity of the Ca2+-uniporter (4), attenuating
ncoupling of respiration also results in a decrease in mitochondrial

on (7).

KIR6.1, 6.2) and four modulatory sulfonylurea recep-
ors (SUR-1, 2). Physiologically these channels are
gonized by GTP and GDP and are inhibited by ATP,
DP and long chain coenzyme A (CoA) esters. Addi-

ionally, several cellular messengers have been shown
o modulate this channel, including protein kinase C
PKC), adenosine (ADO), as well as superoxide anions
Busija et al., 2004).

mKATP channels have been implicated as an integral
omponent of mammalian ischemic preconditioning
IPC), and there are reports supporting the opening of

hese channels as a primary mediator of IPC protection
n a variety of organisms and tissues (for a review of
he role of mKATP channels in IPC see Oldenburg et
l., 2003).



hysiolo

a
(
n
n
t
K
K
a
c
i
t

b
i
a
t
r
b
m
c
o
d
2
m
c
r
m
b
N
e
e
a
t
a
c
b
i

4
c

m
(
g
m
T

P
n
m
t
m
b
(

c
i
i
i
b
c
w
I
r
[
t
m
c
i
i
o

c
c
e
t
T
w
t
c
b
b
a
a
d
w
c
f
a
t
N

L.T. Buck, M.E. Pamenter / Respiratory P

Heurteaux et al. (1995) showed a link between
denosine A1 receptors and ATP-sensitive K+ channels
KATP) in ischemic preconditioning in rat hippocampal
eurons. Blockade of either A1 receptors or KATP chan-
els abolished preconditioning-mediated neuroprotec-
ion. Conversely, activation of adenosine receptors and

ATP channels induced neuroprotection. Blockade of
ATP channels also abolished the protective effects of

denosine. More recently a critical role for the mito-
hondrial population of KATP channels (mKATP) in
schemic preconditioning has been shown in rat cor-
ical neurons (Kis et al., 2004; Shimizu et al., 2002).

Attenuation of NMDAR activity in the anoxic turtle
rain may involve mKATP channels in a fashion sim-
lar to a mechanism proposed by Holmuhamedov et
l. (1998). They reported that mKATP channel activa-
ion in heart caused K+ influx into the mitochondria
esulting in depolarization of the mitochondrial mem-
rane. As a consequence, Ca2+ was released from the
itochondria, elevating [Ca2+]i. In turtle cerebrocorti-

al neurons, [Ca2+]i increased by 35% and inactivation
f anoxic NMDAR receptors scaled in a dose depen-
ent manner with changes in [Ca2+]i (Bickler et al.,
000). The elevation of [Ca2+]i may originate from
KATP channel-induced release of Ca2+ from the mito-

hondria. Studies on turtle cortical neuron NMDAR
egulation in our lab have shown that activation of
KATP channels reduces NMDAR whole-cell currents

y about 40%. Additionally, the anoxic reduction in
MDAR currents is abolished by the perfusion of

ither the mKATP specific blocker 5HD or the gen-
ral KATP channel blocker glibenclamide (Pamenter
nd Buck, unpublished observations). It also appears
hat intracellular Ca2+ mediates mKATP attenuation of
noxic NMDAR activity since inclusion of the Ca2+-
helator BAPTA in the recording electrode abolishes
oth the anoxia and mKATP channel induced reductions
n NMDAR currents.

.3. Mitochondrial calcium-sensitive potassium
hannels

The most recently identified mitochondrial inner
embrane channel is the Ca2+-sensitive K+ channel
mKCa). This channel was identified first in human
lioma cells and is functionally similar to plas-
alemmal BK-type channels (Siemen et al., 1999).
hey are multi-conductance state channels whose

v

t
p
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open is both voltage and [Ca2+] dependent. Chan-
el activity increases with a depolarization of the
itochondrial membrane potential and/or by eleva-

ions of [Ca2+]m (Siemen et al., 1999). Like surface
embrane BK-type Ca2+ channels, this channel is

locked by the Ca2+-channel blocker charybdotoxin
ChTX).

mKCa channels form part of the background K+

onductance of the mitochondria at resting [Ca2+]c
n cardiac mitoplasts (∼200 nM). This conductance
ncreases with increasing [Ca2+]c and is abolished by
nclusion of ChTX but not by the mKATP channel
locker 5HD. Additionally the perfusion of the mKCa
hannel opener NS1619 increases K+ uptake two-fold
hile ChTX abolished K+ uptake (Xu et al., 2002).

mportantly, these authors also found that mKCa cur-
ents in mitoplast-attached patches increased when the
Ca2+] outside the pipette was increased, suggesting
hat the Ca2+ sensor of the channel is located on the

atrix side of the mitochondrial membrane. Therefore,
hannel activity increases as matrix calcium increases
n response to elevated cytosolic calcium sequestered
n the mitochondria. Such an accumulation of calcium
ccurs during ischemia.

Xu et al. (2002) found that activation of mKCa
hannels in cardiac myocytes with NS1619 conferred
ytoprotection during global ischemia and reperfusion
xperiments that was similar in magnitude to the activa-
ion of mKATP channels or ischemic preconditioning.
hese results were confirmed by Cao et al. (2005)
ho found that NS1619 reduced infarct size and lac-

ate dehydrogenase (LDH) release during ischemia in
ardiac tissue. The mKCa blocker paxaline abolished
oth IPC protection and the specific protection induced
y mKCa activation. mKCa induced protection was not
ffected by mKATP blockers (Xu et al., 2002; Cao et
l., 2005). Cao et al. (2005) also demonstrated that car-
ioprotection due to the activation of mKATP channels
ith diazoxide was not impaired by blockade of mKCa

hannels. These results suggest that the two channels
unction independently although their mechanism of
ction is probably similar. Sato et al. (2005) confirmed
his independent activity by showing that diazoxide and
S1619 oxidize flavoproteins additively in guinea pig

entricular myocytes.

Together, these data independently confirm the cen-
ral role of K+ influx into the mitochondrial matrix in
rotection from ischemic injury. The specific mecha-
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ism of protection conferred by these channels is not
nown, however opening of mKCa channels partially
ncouples the mitochondria in a manner similar to
KATP channel opening.

.4. Mitochondrial uncoupling and
alcium-homeostasis

Mitochondrial Ca2+ concentrations ([Ca2+]m) are
aintained by a balance between mitochondrial Ca2+

ptake and Ca2+ efflux. Calcium uptake into the mito-
hondria occurs via the activity of the Ca2+-uniporter
nd the rapid mode (RaM) Ca2+ channel, both of which
re powered by �Ψm (Sparagna et al., 1995). As the
radient is decreased due to ion channel opening, cal-
ium uptake via these two mechanisms decreases and
Ca2+]m is altered. The Ca2+ efflux systems include

Na+/Ca2+ exchanger and its associated Na+/H+

ntiporter, as well as a Ca2+/H+ exchanger. Thus in
he mitochondria, both the uptake and release of Ca2+

re facilitated by the mitochondrial proton gradient (for
review of mitochondrial calcium cycling see Gunter

t al., 2000).
Several studies have indicated that IPC and pharma-

ological opening of mitochondrial ion channels results
n mild uncoupling of the mitochondrial membrane
nd attenuation of Ca2+ accumulation in the mitochon-
ria. Holmuhamedov et al. (1999) found that diazoxide
pplication decreased the rate of Ca2+ uptake into iso-
ated rat heart mitochondria. Diazoxide also increased
he rate of Ca2+ release from isolated mitochondria that
ad been pre-loaded with Ca2+. Both of these responses
o mKATP opening occurred in a dose dependent man-
er that was linked to a decrease in �Ψm. In intact car-
iomyocytes, diazoxide application decreased �Ψm
nd reduced [Ca2+]m; 5HD blocked the reduction of
oth. Preconditioning and mKATP opening have also
een shown to limit [Ca2+]m accumulation in rab-
it heart (Murata et al., 2001). Finally, Wang et al.
2001) found that IPC or diazoxide treatment atten-
ated ischemia-induced mitochondrial Ca2+ accumu-
ation and depolarized the mitochondrial membrane
otential. Opening of KCa channels induces ischemic
rotection in the same manner. In guinea pig ventric-

lar myocytes, opening of KCa channels depolarizes
he mitochondrial membrane potential and attenuates

itochondrial calcium accumulation during ischemic
nsult (Sato et al., 2005).
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Prevention of mitochondrial Ca2+ accumulation
ay confer protection in a variety of ways. In anoxia-

ensitive organisms undergoing periods of ischemia,
Ca2+]c slowly elevates and [Ca2+]m increases con-
omitantly. When [Ca2+]m becomes overloaded at
–3 �M [Ca2+]c, permeability transition (PT) pores
pen and cellular injury results (for a review of
he role of the PT pore in apoptosis/necrosis see
rompton, 2000). Uncoupling of the mitochondrial
embrane and the subsequent attenuation of mitochon-

rial Ca2+ uptake could have a significant effect on
Ca2+]c.

Opening of mKCa channels by NS1619 provides
rotection against ischemia in isolated perfused rat
earts. Opening of the PT pore by atractyloside abol-
shes the protective effects of both IPC and NS1619,
uggesting that cardioprotection induced by mKCa
pening prevents pore formation (Cao et al., 2005).
urthermore, the same authors found that blockade of

he pore decreased the infarct size and LDH release
ollowing ischemic insult. Korge et al. (2002) showed
hat activation of mKATP channels decreased mitochon-
rial accumulation of Ca2+ during ischemia and that
his prevented PT pore formation and cytochrome c
oss from the mitochondria. In the anoxia-tolerant west-
rn painted turtle, [Ca2+]c increases significantly in the
rst few hours of anoxia and the protective decrease

n NMDAR activity is regulated by changes in [Ca2+]c
Bickler et al., 2000). Additionally, chelation of [Ca2+]c
y BAPTA blocks the protective effects of diazox-
de application on NMDAR activity (Pamenter and
uck, unpublished observations). Taken together, these
ata suggest that the protective effect of mKATP open-
ng and potentially mKCa activation involves down-
tream changes in [Ca2+]c. Therefore changes in mito-
hondrial Ca2+-handling and the subsequent change in
Ca2+]c may act as a signaling mechanism to down-
egulate cellular processes during periods of low oxy-
en.

.5. Mitochondrial uncoupling and ROS
roduction
Mitochondria are a major source of ROS under nor-
al physiological conditions. The production of ROS is

irectly linked to the rate of oxidative phosphorylation,
hich is regulated partially by mitochondrial [Ca2+]m
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nd partially by �Ψm. As this potential is reduced due
o ischemic opening of ion channels, ROS production is
ltered. ROS are potent cellular messengers and redox
ignaling has been implicated in the regulation of many
ellular processes. The primary radical produced in the
itochondrion is the superoxide anion (O2

−). This rad-
cal is produced by complexes I and III of the electron
ransport chain. The specific site of superoxide produc-
ion within complex I is not known, however superox-
de formation here occurs when electron transport is
eversed due to a high proton-motive force. Experi-
ents with the complex I inhibitor rotenone abolish

he majority of superoxide formation, suggesting that
uperoxide production is primarily due to reverse elec-
ron transport from succinate to NAD+ and not due to
omplex III activity (Liu et al., 2002). Similarly, exper-
ments by St. Pierre et al. (2002) implicated complex
as the primary production site of H2O2 via reverse
lectron flow. The same study found that complex III
roduces H2O2 only in the presence of inhibitors and
ot under normal physiological conditions. This area is
ontroversial and recent evidence points to an impor-
ant role for complex III in ROS generation. Reducing
he expression levels of the Rieske iron–sulfur protein
omponent of complex III employing RNAi (interfer-
nce) techniques resulted in a corresponding decrease
n mitochondrial ROS production (Guzy et al., 2005).
hese studied also demonstrated that a fully function-

ng complex III is required for HIF-1� stabilization and
herefore oxygen sensing. Not only are electron trans-
ort complexes capable of producing ROS but recently
he Kreb’s cycle enzyme �-ketoglutarate dehydroge-
ase was shown to be a significant source of H2O2
Starkov et al., 2004).

The rate of the reverse electron flow that is responsi-
le for the generation of free radicals in the mitochon-
ria is regulated by the mitochondrial proton gradient.
herefore, a partial uncoupling of the mitochondrial
embrane potential will alter the rate of free radi-

al production. Opening of mitochondrial ion channels
uch as the mKATP and mKCa channels will result in an
ncoupling of the mitochondrial proton gradient and
ubsequently alter the production of ROS. Superoxide
nions in large quantities are highly deleterious to the

ell, however a resting concentration of these anions
re constantly being produced by the mitochondria and
lterations in the rate of radical formation may act as
redox signaling mechanism, potentially regulating

t
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ownstream messengers such as PKC (Oldenburg et
l., 2003).

There is considerable evidence that redox signal-
ng plays a role in ischemic tolerance. Vanden Hoek et
l. (1998) reported an early increase in ROS produc-
ion during hypoxic preconditioning. The blockade of

KATP channels with 5HD abolished both the protec-
ive effects of IPC as well as the hypoxia-induced gen-
ration of ROS. Similarly, Pain et al. (2000) found that
pening mKATP channels with diazoxide reduced the
nfarct size in ischemic rabbit hearts and that this pro-
ection was abolished by inclusion of free radical scav-
ngers, suggesting diazoxide triggers cardioprotection
ia the generation of free radicals. In addition it is
elieved that ROS may form a positive-enforcing feed-
ack loop on mKATP channels. Mitochondria-derived
itric oxide (NO) can activate mKATP channels and this
essenger has also been implicated in IPC (for a review

ee Bolli, 2001).
It is possible that an initial decrease in available

xygen such as occurs during ischemia or anoxia may
ecrease the rate of oxidative phosphorylation, result-
ng in a change in mitochondrial ROS production. This
ltered redox signal could then feed-forward to activate
itochondrial ion channels such as the mKATP chan-

el. Opening of these channels would then partially
ncouple the mitochondria, potentially altering cellular
a2+-dynamics and activating other second messen-
ers to down-regulate energy-expensive ion channels,
umps and cellular processes. Indeed, ROS produc-
ion during hypoxia has been shown to increase by
5–100% depending on cell type and has been linked
o increases in [Ca2+]i (Waypa et al., 2001, 2002).

. Summary

Oxygen depleted environments are common on
arth and represent both a challenge and an opportunity
o organisms that survive within them. The vertebrate
rain is the most sensitive tissue to oxygen lack and it
s likely to exhibit unique adaptations to enable ver-
ebrate life without oxygen. Depressing metabolism
r metabolic arrest is a commonly observed strategy

o survive under such conditions. And in a metabol-
cally arrested state the matching of ATP supply and
emand is critical. To reduce ATP demand and achieve
his match ion channel arrest must also be a critical
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euronal adaptation to hypoxic and anoxic survival.
urthermore, mitochondria play a key role in determin-

ng cellular fate following ischemic or anoxic neuronal
njury (apoptosis versus necrosis) and are ideally situ-
ted to serve as a cellular oxygen sensor and mediator
f protective mechanisms such as ion channel arrest.
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