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The mammalian brain without oxygen
The human brain is highly dependent on the 
presence of oxygen for survival, demanding up 
to 20% of systemic oxygen, despite compris-
ing only 2% of the body mass. Owing to this 
high metabolic rate, an interruption in oxy-
gen supply results in a cascade of pathological 
events that result in brain damage and death. 
ATP levels decline sharply upon disruption of 
oxidative phosphorylation, resulting in the ces-
sation of ATP-dependent neuronal processes, 
including ion transport and neurotransmitter 
reuptake. Without pumping, ion gradients fail 
and neurons depolarize, releasing excessive lev-
els of neurotransmitters, including excitotoxic 
compounds such as glutamate (Glu) and dopa-
mine (DA). Both decreased reuptake, and an 
increase in vesicular and nonvesicular release 
contribute to elevated excitatory amino acid 
levels [1]. Overstimulation of Glu (NMDA and 
AMPA) receptors increases intracellular Ca2+ 
levels. This triggers multiple internal cascades 
that result in cell damage and death, including 
the activation of lipases, endonucleases and pro-
teases [2], and mitochondrial-dependent apop-
tosis. Both hypoxia and reoxygenation (such as 
reperfusion following ischemia) can also result in 
oxidative stress, with the mitochondria as both 
the primary source of reactive oxygen species 
(ROS) and a significant target of ROS damage 
[3]. Following a hypoxic or ischemic event, ROS 

damage can continue to develop over a period 
of days. The brain is especially susceptible to 
oxidative stress due to its concentration of unsat-
urated fatty acids, high iron content and low 
antioxidant capacity [4].

Hypoxia/anoxia tolerant animal models
However, not all animals are equally susceptible 
to hypoxia, with some even able to tolerate com-
plete anoxia for days to weeks. Animals known 
to tolerate extended periods of hypoxia without 
brain damage include hibernating mammals, 
such as the Arctic ground squirrel [5], diving 
animals, such as seals [6], the naked mole rat, 
which inhabits hypoxic underground burrows [7], 
and neonatal mammals; neonate rats may sur-
vive periods of anoxia as much as 25-times longer 
than adults [8]. More impressively, days to weeks 
of complete anoxia have been reported in various 
organisms including the crucian carp Carassius 
carassius, the fruit fly Drosophila melanogaster and 
several species of North American pond turtles, 
such as Chrysemys picta and Trachemys scripta [9]. 
The study of such animal models of anoxia toler-
ance, with brains adapted through millions of 
years of evolution, may thus suggest protective 
pathways that could serve as therapeutic targets 
for diseases characterized by oxygen deprivation 
and ischemic/reperfusion injuries. 

The study of alternative animal models reveals 
two common overarching themes that enable 

Alleviating brain stress: what 
alternative animal models have 
revealed about therapeutic 
targets for hypoxia and anoxia

Sarah L Milton*1 & Ken Dawson-Scully1

1Department of Biological Sciences, Florida Atlantic University, 777 Glades Road, Boca Raton, FL 33431, USA 
*Author for correspondence: Tel.: +1 561 297 3327 n Fax: +1 561 297 2749 n smilton@fau.edu

While the mammalian brain is highly dependent on oxygen, and can withstand 
only a few minutes without air, there are both vertebrate and invertebrate 
examples of anoxia tolerance. One example is the freshwater turtle, which can 
withstand days without oxygen, thus providing a vertebrate model with which to 
examine the physiology of anoxia tolerance without the pathology seen in 
mammalian ischemia/reperfusion studies. Insect models such as Drosophila 
melanogaster have additional advantages, such as short lifespans, low cost and 
well-described genetics. These models of anoxia tolerance share two common 
themes that enable survival without oxygen: entrance into a state of deep 
hypometabolism, and the suppression of cellular injury during anoxia and upon 
restoration of oxygen. The study of such models of anoxia tolerance, adapted 
through millions of years of evolution, may thus suggest protective pathways that 
could serve as therapeutic targets for diseases characterized by oxygen 
deprivation and ischemic/reperfusion injuries.

Keywords

n anoxia n brain n Drosophila 
melanogaster n heat shock 
protein n hypometabolism 
n neuroprotection n oxidative 
stress n PKG n potassium 
channel n Trachemys scripta

Re
vie

w
For reprint orders, please contact: reprints@futuremedicine.com



Future Neurol. (2013) 8(3)288 future science group

survival without oxygen: a rapid suppression of 
overall metabolic rate, and the abrogation of cel-
lular injury during the anoxic period, as well as 
upon restoration of oxygen. By entering a deep 
hypometabolic state, anoxia-tolerant organisms 
are able to reduce the energy demand to meet 
the reduced supply of anaerobic glycolysis, and 
thus prevent anoxic depolarization and the 
subsequent apoptotic cascade [9]. At the same 
time, protective pathways are strongly upregu-
lated and potentially pathological mechanisms 
are simultaneously suppressed, protecting cel-
lular integrity against the stressors of reduced 
energy supply, acidification and (upon reoxy-
genation) oxidative stress. A recent survey of 
mammalian studies suggests the benefits of 
defining these protective responses, as ischemic 
tolerance also appears to involve both increased 
neuroprotective signaling and decreased inflam-
matory or apoptotic pathway activation [10], 
along with gene reprogramming and metabolic 
downregulation.

Indeed, the therapeutic potential of rapid 
downregulation of basal metabolism has been 
widely investigated for ischemic events in mam-
mals. Induction of hypometabolism lies behind 
the rapid cooling and induction of coma for 
perinatal asphyxiation and myocardial infarc-
tion, as well as pretreatment prior to cardiac 
surgery [11]. This is also the basis for the ground-
breaking work of Blackstone et al. with H

2
S 

induction of hypometabolism in mice [12,13], as 
well as current work with injectable hydrogen 
saline, which acts to upregulate protective path-
ways and as an antioxidant [14]. However, in 
mammalian models, protective and pathologi-
cal mechanisms are activated simultaneously, 
making it diff icult to distinguish between 
them. On the other hand, in animals adapted 
for extended anoxia, pathological mechanisms 
are effectively suppressed, while protective 
pathways are greatly enhanced. 

One model organism that is able to withstand 
days (at room temperature) to weeks (at 3°C) 
of complete anoxia is the pond turtle; both 
T. scripta (the red-eared pond slider) and C. picta 
(western painted turtle) have been widely stud-
ied. These turtles hibernate underwater in lakes 
that may freeze over for extended periods in the 
winter, and therefore the animals are unable 
to surface for air until the spring thaw. The 
physiology of anoxia tolerance in these organ-
isms has been under investigation for over three 
decades, with recent work moving from neural 
physiology to molecular studies, genomics and 
epigenetics (summarized in Figure 1). 

Adaptations for anoxic survival in the 
brain of the turtle T. scripta

The most critical initial phase of anoxic survival 
is a rapid downregulation of energy demanding 
processes to match the reduced energy supply; 
this is achieved through decreased membrane 
ion permeability (channel arrest), decreased 
excitatory neurotransmitter release and increased 
inhibition through the release of GABA [15] and 
adenosine [16]. The result is a reversible ‘coma’ 
of curtailed electrical activity [17]. As more than 
50% of the brain’s energy demand arises from 
ion pumping, significant energy savings are 
obtained by the suppression of both ion leak and 
through the reduction of action potentials, which 
in turn reduces the energy needed to maintain 
homeostasis. Such ‘channel arrest’ significantly 
decreases Ca2+ permeability [18] and the density 
of voltage-gated Na+ channels [19], and is seen in 
both reduced K+ flux [20] and the anoxia-linked 
decrease of voltage-dependent K+ channel tran-
scription [21]. Ca2+ flux is also reduced by the 
downregulation of glutamatergic NMDA recep-
tors (NMDARs) and AMPA receptors [18,22]. 
The depression of glutamatergic signaling is 
coupled with a more than 80-fold increase in 
GABA release [15] and increased GABA

A
 recep-

tor density [23]. Reduced glutamatergic signaling 
and increased GABA-ergic responses together 
induce ‘spike arrest’, increasing the stimulation 
required to elicit an action potential in the turtle 
brain by more than 20-fold [24]. 

Initial decreases in both Glu and excitotoxic 
DA release, which occur during the first 1–2 h of 
anoxia, are linked to increases in adenosine and 
the activation of ATP-dependent K+ channels 
(K

ATP
) [25–27]. Inhibition of excitatory neuro

transmitter release both reduces the likelihood 
of anoxic depolarization and reduces the expense 
of neurotransmitter reuptake, estimated to be 
as high as 1.5 ATP/molecule [28]. The tempo-
rary increases reported in adenosine release 
and the opening of K

ATP
 in the turtle brain are 

probably due to an initial relatively small, but 
significant, 20% decrease in brain ATP [29]. 
However, maintenance of normal brain ATP 
levels appears critical to brain survival over the 
long term. Interestingly, long-term anoxia in the 
turtle brain is marked by both high ATP levels 
and the continued release and reuptake of Glu 
and DA (albeit at reduced levels), which keep 
extracellular levels constant. The continued 
release and reuptake of excitatory neurotrans-
mitters suggests that maintaining normal synap-
tic levels, despite an overall suppression of brain 
function, is a key factor of anoxic and perhaps 
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postanoxic survival, and could explain the 
repeated failure of the numerous clinical inter-
ventions for ischemia that interfere primarily 
with Glu receptors. In a mammalian cell culture 
model, experiments with antagonists, as well 
as low doses of NMDA, in fact suggest a role 
for Glu in the development of ischemic toler-
ance [30]. It has also been recently hypothesized 
that the differences between ischemic tolerance 
and cell death may be related to NMDAR sub-
types, with synaptic NR2A receptor stimulation 
increasing survival, while extrasynaptic (primar-
ily NR2B) stimulation leads to cell death [10]. In 
severe ischemia, both receptor subtypes would 
be activated, and pathological effects would 

overwhelm any protective mechanisms, such 
as the activation of the protective transcription 
factor CREB by Glu. NMDAR subtypes have 
not been investigated in the turtle.

K
ATP

 channel activation appears to play a 
critical role in anoxic survival, both in channel 
arrest and in the modulation of neurotransmit-
ter release. The 52% decrease in anoxic AMPA 
receptor currents, for example, is abolished by 
mitochondial K

ATP
 (mK

ATP
) antagonists [31], as 

is the 50% decrease in anoxic NMDAR currents 
[32]. The reduced efflux of K+ in early anoxia is 
also mediated in part by the opening of K

ATP
 

channels [33], and blocking K
ATP

 together with 
adenosine receptor blockade increases both Glu 
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Figure 1. Updated overview of some of the factors involved in anoxic survival in the freshwater turtle. Constitutive factors 
that predispose for anoxia tolerance include enhanced glycogen stores, constitutive production of heat shock proteins, increased 
densities of protective receptors and elevated antioxidant capacity. A coordinated downregulation of ATP demand to approximately 20% 
of basal involves NMDA, AMPA and ion channel arrest, a reduction in protein synthesis, alterations in neurotransmitter release and 
increases in cellular protective pathways including PI3K/AKT, ERK and heat shock proteins. Network integrity is preserved through the 
maintenance phase by the continued low level release and reuptake of neurotransmitters, protection against apoptosis and a further 
upregulation of some antioxidants. Upon reoxygenation, electrical activity and protein synthesis return over a period of hours, while 
certain antioxidants are further upregulated; excess ROS formation is simultaneously suppressed. 
↑: Increase; ↓: Decrease; ↔: Remains the same; Glu: Glutamate; GPOX: Glutathione peroxidase; KATP: ATP-dependent K+ channels; ROS: 
Reactive oxygen species; SOD: Superoxide dismutase. 
Adapted from [115].
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and DA release in the early anoxic turtle brain 
[26,27]. As ATP demand is suppressed to meet 
reduced energy delivery, however, ATP levels 
return to basal, K

ATP
 channels close and other 

mechanisms function to maintain reduced brain 
function, including the aforementioned GABA 
increases [34] and an upregulation of protective 
pathways. 

In mammals, K
ATP

 channel activation results 
in an initial protective hyperpolarization [35], 
but eventually leads to anoxic depolarization. By 
contrast, a combination of protective strategies 
in the turtle brain allows the initial opening of 
K

ATP
 channels to be translated into longer-term 

protection. Zivkovic and Buck suggest that the 
increased K+ conductance [31], which mildly 
uncouples mitochondria [32], slightly increases 
cytoplasmic Ca2+ levels due to the decreased 
driving force for Ca2+ uptake into the mito-
chondria. This cytoplasmic Ca2+ increase, in 
turn, reduces AMPA receptor and NMDAR 
currents. Further Ca2+ increases would thus be 
prevented, blocking excitatory neurotransmit-
ter release, as seen with DA and Glu. In mam-
mals, it has been similarly suggested that mK

ATP
 

channels decrease mitochondrial Ca2+ overload, 
thus preventing the formation of the mitochon-
drial pore and induction of apoptosis [36]. Thus, 
a temporary activation of K

ATP
 channels, par-

ticularly of mitochondrial K
ATP

 channels, would 
appear to be an area of interest in the develop-
ment of potential therapeutic targets. Indeed, 
mK

ATP
 channel activation has been widely inves-

tigated in the development of neuroprotective 
preconditioning (PC) responses. 

Anoxia tolerance & ischemic PC share 
common mechanisms

PC is a well-known phenomenon in mammals, 
described as “an innate protective and adaptive 
mechanism, whereby a sublethal insult protects 
against a subsequent lethal insult” [36]. Often 
investigated with a sublethal ischemic event 
inducing a later, longer tolerance, PC has mul-
tiple, diverse stimuli and effector mechanisms, 
resulting in cross-tolerance to other stressors as 
well. In both the heart and brain, PC induces a 
two-stage protection; initial brief (minutes to 
hours) changes are wrought by alterations in the 
activity and post-translational modifications of 
existing proteins. A ‘second window of protec-
tion’ occurs hours to several days later as a result 
of gene induction and de novo protein synthesis. 
While the multifactorial aspects of mammalian 
PC are beyond the scope of this review [36,37], 
much work suggests the mitochondria as key 

regulators of endogenous neuroprotection owing 
to their roles in energy generation, Ca2+ regula-
tion, redox signaling and as arbiters of apoptosis 
or cell survival [38]. In this scenario, mitochon-
drially generated ROS and mK

ATP
 play key roles 

in PC. Pharmacological stimulation of mK
ATP

 
depolarizes mitochondria, increases ROS and 
activates the protein kinase C pathway, inducing 
the PC phenotypes [39]. Low ROS levels them-
selves are able to induce protection, possibly 
through the activation of hypoxia-inducible fac-
tor (HIFs) and subsequently erythropoietin [40], 
while ROS scavengers abolish protection [41]. 

The role of HIF in PC is the subject of a 
great deal of research, and has been reviewed 
elsewhere [42,43]. HIF is considered to be a 
master regulator of hypoxia responses; when 
oxygen levels are low, HIF-1a is stabilized and 
translocates to the mitochondria, where it het-
erodimerizes with HIF-1b to become HIF. The 
binding of HIF to hypoxia response elements 
on numerous genes stimulates responses con-
cerned with oxygen delivery and energy metabo-
lism. These responses involve up to 200 genes 
for angiogenesis, erythropoiesis, antiapoptosis, 
free radical production/scavenging, necrosis 
and stem cell differentiation [44]. Cellular PC 
through HIF upregulation has been extensively 
investigated in the neonate model of hypoxia/
ischemia [42], but is also being examined in the 
heart [45,46], brain [47], kidney [48] and liver [49]. 

HIF activation has also been investigated in 
mammalian models of hypoxic PC (HPC), as 
it relates to the activation of d-opioid receptors 
(DORs). The d-opioid (d-Ala 2 and d-Leu 5) 
enkephalin has been implicated in hibernation 
and neuronal survival, and reduces the neuro-
nal damage induced by ischemia/reperfusion [50]. 
DORs are known to play a role in the resistance 
to Glu and hypoxic stress in mammals [51,52], with 
a recent study by Gao et al. reporting that the 
improved neurological outcome and decreased 
apoptosis of HPC in the rat were attenuated by 
DOR antagonists [53]. Both DOR activation and 
the HPC induction of HIF were decreased when 
HIF was knocked down with siRNA, suggest-
ing a link between the two responses. In turtles, 
the potential for DOR effects was first suggested 
by Xia and Haddad, who reported that receptor 
density was more than four-times higher in the 
turtle cortex compared with the rat, despite the 
significantly lower basal metabolic rate of reptiles 
[54]. Furthermore, as has been shown in mam-
malian HPC, Glu excitotoxicity in the anoxic 
turtle is also suppressed by DOR activation, as 
DOR blockade potentiates NMDAR currents, 
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increases cytosolic Ca2+ levels and induces anoxic 
depolarization [55]. 

However, HIF activation in the brain may 
be a double-edged sword, in that HIF activa-
tion also leads to edema, due to the increased 
permeability of the blood–brain barrier [42]. 
Thus, while HIF in general is strongly upregu-
lated by hypoxia, hypoxia tolerance is main-
tained in HIF-1a-deficient mice, and mice 
with a neuron-specific HIF-1a deficiency had 
decreased ischemic injury after transient global 
ischemia, rather than increased damage [56]. 
Recent work in the authors’ laboratory, in fact, 
has demonstrated that while HIF-1a protein 
levels were readily detected in the normoxic 
turtle brain, no further increase occurred dur-
ing anoxia [Milton SL, Unpublished Data]. Nuclear 
levels of the HIF-1a protein decreased signifi-
cantly in anoxia, which was reflected in the 
decreased binding activity in anoxia evidenced 
by an eletrophoretic mobility shift assay. Fur-
thermore, induction of HIF-1 through a small 
molecule activator, tilorone, signif icantly 
increased cell death during anoxia in cultured 
turtle neurons. This anoxic suppression of HIF-
1a nuclear translocation may be a key factor 
allowing metabolic downregulation and anoxic 
survival in the freshwater turtle, since many of 
the genes upregulated by HIF increase energy 
flux and delivery, in marked contrast to the 
adaptations of true anoxia tolerance, which 
result in profound hypometabolism. Even gly-
colytic enzymes are downregulated in T. scripta, 
for example, as part of the general metabolic 
depression [57], with recent work suggesting 
that phosphorylation and acetylation result in 
less active enzyme forms [58]. DNA microarray 
studies have shown that while mammalian PC 
is associated with an upregulation of certain 
genes, including heat shock proteins (HSPs), 
the antiapoptotic Bcl-2 and others that increase 
survival [59], nearly as many genes were like-
wise downregulated, including those associ-
ated with metabolic pathways, iron transport 
and immune responses, leading Yenari et al. to 
suggest that metabolic downregulation is the 
common pathway of neuroprotection seen in 
PC, hibernation and hypothermia [60].

Key survival genes upregulated in the tur-
tle include HSPs, MAPKs, the antiapoptotic 
Bcl-2 and a variety of antioxidants, including 
neuroglobin. Since many of these compounds 
are present in the turtle brain even under nor-
moxic conditions, it has been suggested that 
the animals are in a state of ‘constitutive PC’ 
[61], with detectable levels of Hsp72, Hsp27 

and Hsp32 (HO-1), and Hsp60, as well as the 
glucose-regulated proteins Grp78 and Grp94 
[62]. Unlike the delayed response seen in mam-
malian ischemic models, Hsp27, Hsp72 and 
HO-1 all increase rapidly in anoxia, with signif-
icant changes by 1 h, and further increases over 
24 h of anoxia. Interestingly, the stress proteins 
that are most enhanced are those associated in 
mammals with glia (although the cellular loca-
tion of the HSPs in turtles has not yet been 
investigated), suggesting a larger role for glia 
in the maintenance of neuronal integrity than 
has been previously noted [62]. Reoxygenation 
did not further increase the HSPs, adding fur-
ther support to the idea that the turtles do not 
undergo significant oxidative stress following 
anoxia/reoxygenation (see below). Mammalian 
work with hsp70 knockout mice [63] and gene 
transfer of hsp70 [60] has shown a role for HSPs 
in ischemic protection, although there appears 
to be no direct evidence for the involvement of 
Hsp70 in ischemic tolerance [10]. 

Another comparable response between anoxia 
in the turtle and ischemia in the mamma-
lian brain is activation of the MAPK and the 
serine–threonine kinase (PI3K/AKT) signaling 
pathways. Both proapoptotic pathways (JNK 
and p38MAPK) and ostensible survival path-
ways (ERK and AKT) are activated simultane-
ously in response to cellular stress in mammalian 
cells [32]. The turtle brain, however, again shows 
a robust protective response; ERK and AKT are 
strongly upregulated in the anoxic brain, but 
with a marked suppression of p38MAPK [64]. 
In mammalian models, DOR-mediated HPC 
protection has also been related to increases in 
ERK and Bcl-2 activity, thus counteracting det-
rimental hypoxic increases in p38MAPK activity 
and cytochrome C release [65,66]. Links between 
DOR and the MAPKs have not been investi-
gated in the turtle, although MAPK responses 
have been linked in vivo and in vitro to adenosine 
receptor stimulation [64,67], and adenosine A1 
receptor (ADR) blockade increases cell death 
[67]. While ERK activation has been linked to 
both neuroprotection and cell death in mam-
mals, related possibly to the extent and timing 
of ERK activation, the turtle in vitro shows a 
strong, long-term upregulation of ERK. This 
suggests that it may be other factors that trig-
ger cell death in mammalian models over the 
long term, possibly overwhelming any protective 
effects of ERK [67]. 

Protective signaling through ERK and AKT 
is thought to occur by altering apoptotic sig-
naling, decreasing Bad and increasing CREB 
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phosphorylation and activation of Bcl-2, and 
thus inducing a protected phenotype. Further-
more, robust cellular protection can be seen in 
the anoxic turtle, with little change or a slight 
increase in Bcl-2–Bax ratios [62,67]. In addition 
to its direct antiapoptotic role, Bcl-2 has been 
demonstrated to have a major role in suppress-
ing cell death during times of oxidative stress 
by enhancing levels of antioxidants and sup-
pressing the generation of free radicals [68]. 
In the turtle, a greater induction of Bax over 
Bcl-2 occurred when ADR were blocked [67]; 
and ADR blockade also increases ROS produc-
tion and cell death [69], thus implying that Bcl-2 
and ADR activation are key elements of ROS 
suppression.

Adaptations for reoxygenation
As a significant portion of ischemic brain dam-
age occurs from ROS damage upon reperfu-
sion, preventing ROS increases is a key factor 
in decreasing stroke morbidity. The freshwater 
turtle model has been shown to have little accu-
mulation of lipid peroxidation damage products 
such as thiobarbuturic acid reactive substances 
following anoxic submergence and recovery 
[70], due in part to surprisingly high constitu-
tive levels of antioxidants in some cases. In the 
case of superoxide dismutase and glutathione 
peroxidase, enzyme activities in the turtle liver 
are comparable with mammalian levels [71], 
while ascorbate levels in the Trachemys brain 
are equal to that of mammals, despite much 
lower overall metabolic rates in the turtle [72]. 
Interestingly, increases in antioxidants in mam-
malian ischemia/reperfusion studies have been 
linked to DOR activation [73], although links in 
the turtle between surprisingly high DOR levels 
and antioxidants have not been investigated.

While its role is not yet understood, the 
recently discovered heme protein Ngb is also 
constitutively present in T. scripta [74], where 
mRNA and protein levels increase significantly 
in hypoxia [75,76]. Ngb has potential roles as an 
oxygen storage protein or as an antioxidant, 
and increasing evidence suggests it could be an 
endogenous neuroprotective molecule against 
hypoxic/ischemic and oxidative stress-related 
insults in cultured neurons and animal models, 
as well as in neurodegenerative disorders such as 
Alzheimer’s disease [77]. 

Along with high levels and further upregula-
tion of antioxidant systems both during anoxia 
and upon reoxygenation, the freshwater turtle 
has an apparently inherent ability to suppress 
ROS formation upon the reintroduction of 

systemic oxygen [69,78]. Work in the author’s 
laboratory suggests that this suppression is 
related to elevated Hsp72 levels directly, as 
siRNA knockdown of Hsp72 significantly 
increases H

2
O

2
 release in cell cultures undergo-

ing anoxia/reoxygenation [Milton SL, Unpublished 

Data]. Similarly, Ma et  al. recently demon-
strated that overexpression of the recently 
described Hsp70 member HSPA12B decreased 
infarct volume and improved outcomes follow-
ing focal ischemia in mice [79], while targeted 
overexpression of Hsp72 or SOD2 in rat brain 
astrocytes reduced oxidative stress [80]. Together, 
the strong upregulation of antioxidants and the 
suppression of excess ROS formation suggest 
that surviving reoxygenation is a critical stage 
of anoxia tolerance, even in these highly adapted 
animals. 

Invertebrate models of anoxia tolerance
Invertebrates, such as insects, have also evolved 
a number of adaptations to deal with unpre-
dictable and extreme environments, includ-
ing the lack of oxygen. Some insects thrive at 
extreme elevations (~6800  m) where atmo-
spheric oxygen is below 10%. Even in acute 
or unpredictable circumstances such as flood-
ing and rainfall, numerous insect species can 
survive 0% oxygen for several hours, and, like 
the turtle, can survive anoxia for days to weeks 
at colder temperatures [81]. For example, larvae 
of the tiger beetle, Cicindela togata, survive 
anoxia due to flooding for over 6 days at 25°C 
through metabolic depression [82]. Furthermore, 
the adult fruit fly, D. melanogaster, can survive 
4 h of complete anoxia with no mortality [83]. 
Owing to the ability of these insects to adapt 
to such environments and their genetic and 
neurophysiological homology to humans, these 
model organisms can be used to discover novel 
genes and pharmacological agents for anoxic 
neuropathologies, such as spreading depression, 
traumatic brain injury or stroke.

D. melanogaster have been used as a model 
organism in the scientific community for over a 
century. They are inexpensive to maintain, have 
an extremely short life cycle from embryo to 
adult (10 days at 25°C) and have a very acces-
sible genome that is highly homologous to 
humans both genetically and physiologically at 
the cellular level. For instance, approximately 
70% of all genetic diseases in humans have a 
homologous gene in D. melanogaster [84], and 
numerous genetic tools have been developed 
to allow for the enhanced stability and easy 
manipulation of the genome in any cell and 
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at any given time [85]. Owing to the ease and 
ability to genetically manipulate these animals, 
they have become ideal models for examining 
the roles of specific genes, gene families and 
pharmaceuticals (in a genome-dependent man-
ner) in disease, including anoxia. Experimenters 
also have the ability to control for life history of 
the animal (environmental factors e.g., rearing 
density and circadian environment), and even 
more importantly, age. Since a fruit fly’s lifespan 
is approximately 70 days (maximum 120 days 
under specific genotypes), one can examine 
the development of age-related diseases, such 
as peri-infarct depolarizations and spreading 
depression in the nervous system [86]. Unlike 
mammalian model systems, fruit flies can be 
used to screen for genes and/or pharmacological 
compounds resulting in neuroprotection from 
anoxic stress [87–89].

A number of factors can be examined in these 
animals that relate to hypoxic stress, including 
development [89], genetic adaptations [89,90], 
behavior and locomotion [87,90,91], synaptic 
physiology [69], cellular homeostasis [86,92,93] 
and survival [83,87,90]. Such changes can be eas-
ily observed and screened under varying genetic 
and pharmacological treatments to uncover 
novel molecules that may enhance or arrest such 
phenotypic changes due to hypoxia relatively 
rapidly and inexpensively. Such is the case with 
D. melanogaster that were evolved in the labora-
tory over 32 generations to survive at very low 
levels of oxygen; these hypoxia-selected lines 
behave normally at 4% oxygen, but also exhibit 
decreased body size of approximately 50% from 
their counterparts reared at 21% oxygen [69]. 
Interestingly, these evolved lines also behave 
normally when brought back to normoxic 
conditions, and their body size after a single 
generation returns to that of naive flies. It was 
discovered through the use of microarrays that 
the genome of these laboratory lines evolved 
at 4% oxygen had changed significantly, thus 
giving insight into genes that may enhance an 
organism’s ability to survive extremely low oxy-
gen environments [69]. For example, upregulated 
genes in the tolerant flies included signal trans-
duction pathways (e.g., Notch and Toll/Imd 
pathways), while some metabolic genes were 
downregulated.

In addition to the ease of laboratory manipu-
lation, populations of D. melanogaster vary in 
their natural ability to tolerate environmen-
tal stressors such as high temperature [94–96] 
and low oxygen levels [87,90,91]. Owing to this, 
researchers can exploit such variation to discover 

molecular pathways responsible for hypoxia tol-
erance. For instance, natural polymorphisms of 
specific genes conferring hypoxia tolerance on 
flies exist within the same population. Wing-
rove and O’Farrel [90] first demonstrated that 
the for gene encodes a protein kinase G (PKG) 
and has two natural alleles; high PKG (named 
rover) and low PKG (sitter), which differ in their 
hypoxia tolerance. It has been demonstrated that 
these alleles exist in populations generally at 
70% rover and 30% sitter [96–98]. In the D. mela-
nogaster larval stage under acute hypoxia, rovers 
survived significantly longer under hypoxic con-
ditions than sitters [90]. This pattern of survival 
was also demonstrated in the adult stage where 
high PKG animals survived significantly lon-
ger than low PKG animals under acute hypoxia 
[87]. Knowing that natural variation exists for 
hypoxia tolerance in single populations, tech-
niques such as quantitative trait loci mapping 
have the potential to allow for efficient hypoxia 
tolerance screens [99]. 

Neuronal depression as a mechanism of 
anoxic survival

Similar to the suppressed electrical activity seen 
in anoxic turtles, insects including D. melano-
gaster lapse into a quiescent state resembling 
a coma during extreme oxygen deprivation, 
which is easily measured visually or through 
automation [83,87,90,91]. Losing function quickly 
to enter the coma-like state is reflected in greater 
survival over long-term anoxia [83,87,100]. This 
behavioral observation in the fruit fly reflects 
that of turtle neurons exposed to acute anoxia, 
which also become reversibly unresponsive [17]. 
This correlation between reversible neuronal 
hypoactivity and survival is probably indica-
tive of the high-energy dependence of neuronal 
activity, and the need for aerobic respiration for 
normal function. Investigation into the physio
logical processes that result in the inactivity 
observed in both behavior and neural function 
in the fly revealed that during anoxia a large 
increase in extracellular K+ (from 10 to 60 mM) 
occurs in the neuropil of adult Drosophila [93]. 
When the animal or tissue is returned to nor-
moxia, this alteration in ion balance recovers 
back to basal conditions, and both neuronal 
signaling and behavior resumes [92,93]. Simi-
larly, spreading depression-like events occur 
in the locust in response to heat or anoxic 
stress, and these are characterized by an abrupt 
increase in extracellular K+ concentrations [101]. 
Unlike mammalian systems, however, neurons 
were only partly depolarized. This raises the 
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question of why these insects, and potentially 
animals in general, adapted to destabilize cel-
lular homeostasis in response to anoxic stress. It 
is worth noting that this physiological response 
to anoxia similarly occurs in insects exposed to 
hypothermic and hyperthermic stress [92,93,102]. 
When examining the common links between 
these stressors in insects and in the anoxic turtle 
brain, it is clear that a key factor is maintaining 
the balance between ATP supply and demand 
[9], as the Na+/K+ ATPase in the human nervous 
system consumes approximately two-thirds of 
all ATP produced [103]. It has been shown that 
the loss of this pump results in a similar increase 
in extracellular K+, and therefore may trigger 
this hypometabolism [86]. Understanding the 
physiological processes involved in anoxic stress 
and tolerance allows for potential screens that 
could delay K+ imbalances and, hence, func-
tional loss during anoxic stress at the level of 
single cells (Figure 2). Conversely, a rapid, but 
milder, depolarization may lower cellular energy 
demand and, thus, increase the likelihood of 
long-term survival.

As in mammals, neuronal protection in 
insects results from PC, although in such cases 
both function and long-term survival may be 
protected. Heat shock (HS) is one such stressor 
that results in the PC phenotype, although 
the neurophysiological consequences resulting 
from the upregulation of HSPs are unclear. One 
mechanism that has been described occurs in 
neurons of the insect Locusta migratoria, where 
a prior HS of 45°C for 3 h and a 1-h recovery 
leads to the transcription and translation of a 
number of HSPs with a concomitant reduc-
tion in whole-cell K+ conductance in the brain 
[102,104]. The whole-cell peak current (A current) 
of the K+ channels is not disturbed, while the 
prolonged transient current (B current) is signif-
icantly reduced [105]. In D. melanogaster, similar 
PC results in both prolonged behavior (delayed 
coma) [95] and continued synaptic transmission 
[86,95] under acute hyperthermia. 

The problem, of course, is that utilizing HS 
or HSPs for human therapeutics is not a tenable 
option, since the HS response is required prior 
to the time of insult, while in humans a stroke-
like injury, traumatic brain injury and cortical 
spreading depression are generally not predict-
able. Since K+ channel modulation correlates 
with neuroprotection due to anoxic insult, other 
molecules that can alter K+ channels may have 
therapeutic potential. The direct modulation 
of K+ channels for use in human therapeutics 
has been a goal of medical research for years, 

since a number of pathologies are associated 
with the ion channels. However, as these pro-
teins cannot be altered significantly without 
detrimental changes in normal physiological 
functioning, this approach has not proved an 
appropriate pharmacological target. There are 
a number of molecules that operate upstream 
from the K+ channel axis, however, that would 
allow for larger amounts of variability with a 
strong impact on K+ channel function. One 
such protein under investigation is the previ-
ously mentioned PKG, encoded in flies by the 
for gene. 

Manipulation of the PKG pathway alters 
anoxia tolerance

Cyclic GMP-dependent PKG plays a significant 
role in a number of organisms to control feeding 
behavior, metabolism, learning and memory, 
and stress tolerance [106,107], and the for gene 
in flies has significant homology to the human 
PKG gene PRKG1 [108]. PKG participates in a 
molecular pathway that modulates K+ channel 
conductance, where increased PKG activation 
or expression increases K+ channel conductance, 
and the inhibition of PKG activity or expres-
sion results in a reduced conductance (Figure 3) 
[109]. Interestingly, the reduction in whole-cell 
K+ channel conductance from PKG inhibition 
mirrors the K+ conductance reduction observed 
in insects that have undergone a protective HS 
[105,109]. For example, the spreading depression-
like events of HS or anoxic stress in locusts are 
suppressed by pharmacological inhibition of the 
nitric oxide (NO)/cyclic GMP/PKG pathway 
[101]. Fruit flies that have lower PKG expression 
due to genetic variation or by modulating activ-
ity through pharmacological treatment show 
prolonged activity in response to acute anoxia 
[87]. Similarly, when PKG is pharmacologi-
cally inhibited by PKG pathway blockers, the 
locust nervous systems exposed to acute anoxia 
exhibit neural protection through extended 
function and a delay in the increase in extra-
cellular K+; modulating ion channels in this 
fashion strengthens the membrane’s ability 
to maintain homeostasis [102,110]. This ‘ionic 
fortification’ via K+ channel conductance inhi-
bition is of importance since it is now possible 
to mimic the K+ channel conductance dynamics 
of a heat shocked animal (upregulated HSPs) 
via an acute pharmacological treatment in only 
seconds, whereas natural induction after HS 
takes hours [105,109]. 

However, examination of anoxic survival, as 
opposed to protection of neuronal function, 
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leads to the surprising conclusion that inhibi-
tion of the K+ channel axis via fast pharmaco-
logical manipulation of the PKG pathway may 
not necessarily be the ‘holy grail’ of neuropro-
tection. Under acute conditions, significant 
neuroprotection is afforded by this approach, 
contributing to the continued operation of 
neural circuits and behavior under anoxic stress 
[87,92]. However, when fruit flies are deprived 
of oxygen for hours instead of minutes, a very 
different story emerges, more similar to what is 
observed in anoxic turtles who survive anoxia 
for days to weeks. Unlike what is observed with 
the induction of a HS PC, chronic anoxic stress 
over 6 h in animals with low PKG resulted in 
significantly lower survival than those express-
ing high PKG in both the larval [90] and adult [87] 

flies. This effect was further confirmed using 
pharmacological compounds that inhibited or 
activated the PKG pathway in adult animals 
[87]. In these experiments, inhibition of the PKG 
pathway, and hence the K+ channel axis, led to 
acute (less than 1 h) neuroprotection of neural 
and behavioral function at the cost of survival 
of the animal over extended anoxia. By contrast, 
increased PKG activity has a significant nega-
tive impact on function, causing a faster onset 
of the anoxic coma than in nontreated animals, 
while activation of the PKG pathway results in 
increased fruit fly survival [87,90]. Furthermore, 
upstream activators of the PKG pathway, such 
as phosphodiesterase-5 inhibitors, result in sig-
nificant protection of the brain in mice as shown 
by Caretti et  al., where phosphodiesterase-5 
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Figure 2. Spreading depression-like events in the locust metathoracic ganglion. 
(A) Onset: spreading depression-like event is evoked when extracellular K+ accumulation exceeds 
clearance under conditions when [K+]o can appreciably affect the K+ equilibrium potential and cause 
neuronal depolarization, thus entering a positive feedback cycle (+). This can be induced by increasing 
accumulation, decreasing clearance or directly manipulating [K+]o. (B) Recovery: if cessation of neural 
activity is sufficient to enable K+ clearance to predominate, then the system enters a positive 
feedback cycle that restores [K+]o and membrane potentials to prespreading depression-like event 
levels. 
Dotted arrows denote a pharmacological effect. 
[K+]o: Extracellular K+ concentration; cGMP: Cyclic GMP; NO: Nitric oxide; PKG: Protein kinase G. 
Reproduced with permission from [101].
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cyclic GMP-dependent protein kinase G pathway. (A) This diagram and experimental design 
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implicated in the modulation of hyperthermic stress [104,116]. PP2A, PKG, cGMP, PDE and K+ channels 
are shown as potential targets for pharmacological manipulation. Inhibitory compounds are shown 
with a minus (-) sign, while activators are shown with a plus (+) sign. Molecular targets and 
pharmacological compounds to the left are downstream of those on the right, as shown by the large 
double arrow at the top of the diagram. The hypothesis states that inhibition of this pathway would 
result in a decrease in whole-cell K+ channel conductance, thereby leading to increased resilience to 
anoxic coma onset. The dotted arrow shows decreased K+ conductance. (B) Combinations of the 
pharmacological agents used in vivo, shown in Figure 2, were administered to adult Drosophila 
melanogaster, and then the animals were tested for resilience to anoxic coma onset during acute 
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cGMP: Cyclic GMP; DCA: Dichloroacetate; P: Phosphorylated; PDE: Phosphodiesterase; 
Pi: Dephosphorylation; PKG: Protein kinase G. 
Adapted from [87].
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inhibition abolishes neuron apoptosis induced 
by chronic hypoxia [100]. 

These differences between acute and long-term 
neuroprotection may also help explain the con-
flicting results found in the literature concerning 
the complex responses of mammalian systems 
to NO, which works in part through PKG [111]. 
NO appears to influence the pathophysiology 
of the brain in complex ways depending on the 
source of production (endogenous or exogenous) 
and whether NO activation is acute or chronic. 
Thus, while some protective pathways appear to 
be mediated by exogenous NO, including inhi-
bition of the proapoptotic p38MAPK [112] and 
JNK pathways [113], the overproduction of NO 
can increase cerebral damage and increase sus-
ceptibility to NMDAR excitotoxicity [114]. Thus, 
genetically and pharmacologically tractable ani-
mal models such as the anoxia-tolerant fruit fly, 
or the turtle with its robust adaptive responses, 
may help to further decipher the complexities of 
survival without oxygen.

Conclusion
From this overview of both a vertebrate and an 
invertebrate model of survival without oxygen, a 
number of adaptations in common suggest prof-
itable avenues of investigation for therapeutic 
interventions in diseases involving hypoxia or 
ischemia. Key mechanisms include a rapid meta-
bolic suppression that preserves energy charge 
via changes in ion flow and neurotransmitter 
balance; the maintenance of neural networks, 
ion balance, and neurotransmitter levels during 
extended anoxia; and the abrogation of oxida-
tive damage. Survival depends on the suppres-
sion of pathological mechanisms and apoptotic 
pathways, with a simultaneous upregulation of 
survival pathways. Control of ion flux is critical, 
with K+ channels in particular a likely point of 
convergence for several protective mechanisms. 
These mechanisms do not appear unique to 
these anoxia tolerant models, but are more 
robust expressions of conserved pathways also 
reported in mammals.

Future perspective 
Understanding the mechanisms responsible for 
both neurodegeneration and hypoxia resistance 
through the use of anoxia-tolerant organisms will 
assist in the identification of novel therapeutic 
targets. Thus, the anoxia-tolerant turtle provides 
insight into survival without oxygen, as well as 
during reoxygenation, with the robust upregu-
lation of key protective pathways and the sup-
pression of pathological mechanisms. Many of 

these protective pathways are clearly intertwined, 
possibly providing redundant protections against 
hypoxic stress, and these links, such as the cross-
talk between DOR, the MAPKs and antioxi-
dants, should be further investigated in robust 
models of anoxia tolerance, such as the turtle. 
While the molecular mechanisms behind sur-
vival are increasingly well described, genomic or 
proteomic screening could provide a more com-
prehensive profile of anoxia tolerance, and thus 
provide a basis for drug screening of potential 
therapeutic agents. Drugs that induce the ‘pro-
tected’ phenotype for up- and down-regulated 
pathways simultaneously could be identified and 
targeted for further research. The potential for 
drug screening is also a significant advantage to 
working with the more easily manipulated and 
short-lived anoxia-tolerant fruit fly. Findings 
from inexpensive and fast invertebrate genetic 
and pharmacological screens could be trans-
lated to mammalian models and then humans 
to address a number of pathologies for which 
neuroprotection is required. 

However, here we describe two phenotypes 
for neuroprotection to be considered when 
such screens are performed. Classic neuro
protection, as seen in the anoxia-tolerant turtle, 
involves suppression of function and increases 
in protective pathways. However, in the fruit 
fly, manipulation of the PKG pathway protects 
cells by different mechanisms and with mutu-
ally exclusive outcomes. Ionic fortification leads 
to the protection of function under acute stress, 
but at the cost of long-term cell survival, while 
conversely, profound increases in survival under 
stress result from knocking out function early 
on. Thus, cessation of locomotion in response to 
anoxia in insects, for example, may result from 
either increased susceptibility to anoxic stress or 
quick induction of hypometabolism resulting in 
long-term protection from anoxic stress. Second-
ary screens, such as animal or cell survival, thus 
need to be considered within this paradigm.
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Future perspective
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