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1. Introduction 

With a rare few exceptions, vertebrates are extremely sensitive to a lack of oxygen and can 

survive for only brief episodes of oxygen deprivation (Nilsson and Lutz, 2004). In fact, when 

differences in body temperature are taken into account, endotherm and ectotherm 

vertebrates share a very similar survival time in anoxia, and similar symptoms of cellular 

and tissue damage and death (Nilsson and Lutz, 2004). Thus, there appears to be a common 

limit to survival of anoxia in most vertebrates that may be supported by common limits to 

metabolic and physiologic systems. The few exceptions to this rule (all aquatic vertebrates) 

have developed novel mechanisms to support tolerance of long-term anoxia (Nilsson and 

Lutz, 2004; Podrabsky et al., 2007). 

It has long been appreciated that fetal and neonatal mammals can tolerate much longer 

exposures to anoxia when compared to their adult counterparts (e.g. Kabat, 1940; Fazekas et 

al., 1941; Glass et al., 1944; Adolph, 1969). In fact, for the great majority of vertebrates, 

tolerance of anoxia is highest in the earliest developmental stages and is progressively lost 

during development (Fig. 1). This relationship is surprisingly consistent among a wide 

diversity of lineages and reproductive strategies with a correlation coefficient of -0.87 when 

data for all “typical” vertebrates are included. Embryos of the annual killifish Austrofundulus 

limnaeus clearly exhibit a different level (2 orders of magnitude greater) and pattern 

(increase in anoxia tolerance during early development) of anoxia tolerance compared to the 

other vertebrates for which data exist (Fig. 1). Embryos of A. limnaeus gain and then lose the 

ability to survive prolonged bouts of anoxia as a normal part of their developmental 

program (Podrabsky et al., 2007; Fig. 1). This unique life history pattern allows for the 

biological mechanisms that support tolerance of anoxia to be studied in a comparative 

context within a single species. In addition, these embryos respond to anoxia using the same 

basic metabolic pathways used by more typical vertebrates, and yet they can survive for 

months without oxygen. This fact suggests that novel mechanisms of anoxia tolerance that 

have not been explored in other systems may be operating or be induced in this species. Thus, a 

deeper understanding of the mechanisms that underlie tolerance of anoxia in this species 

has the potential to transform our understanding of anoxia tolerance, and may lead to new 
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avenues for minimizing or preventing damage due to restriction of oxygen during 

vertebrate development, and as a consequence of heart attack or stroke. 

 

Fig. 1. Tolerance of anoxia declines during normal development in a wide variety of 
vertebrate embryos. Embryos of Austrofundulus limnaeus are unique among vertebrates in 
their extreme tolerance of anoxia beyond that predicted as a consequence of developmental 
stage. Survival values have been corrected for body or experimental temperature to a 
common temperature of 25°C assuming a Q10 of 2. The regression line was calculated based 
on all species and developmental stages excluding the two obvious outliers, embryos of the 
annual killifish A. limnaeus and turtle hatchlings. 100% of development was set at birth or 
hatching for turtles, birds and placental mammals, emergence from the pouch for the 
Virginia opossum, and at completion of larval development for fish and amphibians. Data 
were taken from: A. limnaeus adults and larvae, Podrabsky (new data) and embryos, 
Podrabsky et al., 2007; Australian lungfish (Neoceratodus forsteri), Mueller et al., 2011; brook 
trout (Salvelinus fontinalis), Shepard, 1955; crucian carp (Carassius carassius) and adult turtles 
(Trachemys scripta, Chrysemys picta), Nilsson and Lutz, 2004; Fundulus sp., Loeb, 1894; 
whitefish (Coregonus clupeiformis), Hall, 1925; zebrafish (Danio rerio), Mendelsohn et al., 2008; 
salamanders (Ambystoma sp.), Rose et al., 1971, Weigmann and Altig, 1975, Adolph, 1979; 
Siren intermedia, Weigmann and Altig, 1975; turtle hatchlings (Graptemys geographica, 
Chelydra serpentine, Trachemys scripta, Chrysemys picta, Emydoidea blandingii, Malaclemys 
terrapin, Terrapene ornate), Dinkelacker et al., 2005; ring dove (Streptopelia risoria) Riddle, 
1924; chicken (Gallus gallus), Nelson, 1958 and Di Carlo and Litovitz, 1999; dog (Canis lupus 
familiaris), Kabat, 1940; dog, cat (Felis catus), ground squirrel (Citellus tridecemlineatus), rat 
(Rattus norvegicus), golden hamster (Mesocricetus auratus), Adolph, 1969; guinea pig (Cavia 
porcellus) and rabbit (Oryctolagus cuniculus), Glass et al., 1944; sheep (Ovis aries), Dawes et al., 
1959; rabbit blastocysts, Daniel, 1968; rhesus macaque (Macaca mulatta), Dawes et al., 1960; 
mouse (Mus musculus), Ingalls et al., 1950; Virginia opossum (Didelphis virginiana), Rinka and 
Miller, 1967. 
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2. The life history of Austrofundulus limnaeus 

Annual killifish are a group of teleost fish that have evolved to survive in ephemeral ponds 
in regions of Africa and South America that experience pronounced dry and rainy seasons. 
Populations persist in isolated ponds due to production of drought-tolerant embryos that 
can enter embryonic diapause (Wourms, 1972a, 1972b; Podrabsky et al., 2010b). Embryos 
may be exposed to a variety of environmental extremes during their normal development 
including severe hypoxia or anoxia from being buried in the pond sediments (Podrabsky et 
al., 1998). Development may be arrested at any of three distinct stages of embryonic 
diapause in this group of fish (diapause I, II and III), although not all species arrest in all 
three stages (Wourms, 1972b). In our stock of A. limnaeus, embryos routinely arrest in the 
laboratory at diapause II and III (Podrabsky and Hand, 1999). Although most embryos 
arrest in diapause II, some may bypass this stage of diapause and develop directly to 
diapause III (Wourms, 1972b; Podrabsky et al., 2010a). These embryos are called “escape 
embryos” (Wourms, 1972b) and very little is known about the physiology of their anoxia 
tolerance, although they appear to have a different metabolic poise when compared to 
embryos that enter diapause II (Chennault and Podrabsky, 2010). 

Associated with early development and entry into diapause II is the acquisition of extreme 
tolerance of anoxia. Diapause II embryos have a lethal time to 50% mortality (LT50) of about 

65 days of anoxia at 25C and some embryos can survive for over 120 days of complete 
anoxia (Podrabsky et al., 2007). Diapause II embryos arrest midway through development at 

about 25 days post-fertilization (dpf) at 25C. At this point in development, Wourms’ stage 
(WS) 32, they possess the foundations of the central nervous system, including clearly 
defined fore-, mid-, and hindbrain regions, optic cups, otic vesicles, 38 pairs of somites, and 
a beating tubular heart (Wourms, 1972a, 1972b; Podrabsky and Hand, 1999). Extreme 
tolerance of anoxia is retained for at least 4 days of post-diapause II (dpd) development in 
WS 36 embryos that have much higher metabolic activity than diapause II embryos, and 
have experienced significant growth and differentiation in the brain, and circulatory 
systems (Podrabsky and Hand, 1999; Podrabsky et al., 2007). As the embryos continue to 
develop beyond WS 36, they lose their exceptional anoxia tolerance, and by the time 
embryonic development is complete they can survive for less than 24 hrs. This gain and then 
loss of anoxia tolerance makes A. limnaeus a unique and powerful model for investigation of 
the mechanisms that support long-term tolerance of anoxia in vertebrates. 

3. Metabolic rate depression and survival of anoxia 

The ability to reversibly enter a state of metabolic depression and to coordinately down-
regulate ATP production and consumption are considered hallmarks of anoxia tolerant 
vertebrates (Hand and Hardewig, 1996; Hand, 1998; Krumschnabel, 2000; Hochachka and 
Somero, 2002). In embryos of A. limnaeus anoxia induces a complete cessation of 
development (Podrabsky et al., 2007). Embryos in diapause II may be pre-adapted for 
survival of anoxia because they are already in a state of profound metabolic depression 
(Podrabsky and Hand, 1999). However, post-diapause II embryos are actively developing 
with a metabolic rate an order of magnitude higher than embryos in diapause II (Podrabsky 
and Hand, 1999). Embryos at 4 dpd (WS 36, LT50 ~ 65 days of anoxia) experience a 94% 
reduction of heat flow within 16 hrs of exposure to anoxia (Fig. 2A; Podrabsky, Menze, and 
Hand, unpublished data). Associated with this reduction in heat flow is an over 80% 

www.intechopen.com



 
Anoxia 

 

6 

reduction of ATP content (Fig 2B; Podrabsky, Menze, and Hand, unpublished data). While 
the metabolic depression is not surprising, the large-scale loss of whole-embryo ATP is a 
striking result because it indicates a lack of coordination between ATP production and 
consumption. This is a major departure from other anoxia tolerant vertebrates, and indicates 
a possible novel cellular survival strategy. This is an important point, because it indicates 
that loss of cellular ATP does not have to lead to cell death in vertebrate cells, although it 
typically does in anoxia tolerant and sensitive species. Determining the cellular and 
molecular basis of survival in these cells despite the loss of ATP may be a promising avenue 
for developing novel treatments of anoxia in anoxia sensitive vertebrates such as mammals. 

 

Fig. 2. Heat dissipation and ATP content of WS 36 embryos (4 dpd, LT50 ~65 days of anoxia) 
exposed to 14-16 hrs of anoxia. (A) Heat dissipation is reduced by 94% in anoxic compared 
to aerobic embryos. (B) Anoxia causes a decline in ATP content of over 80%. (Podrabsky, 
Menze, and Hand, unpublished data). 

4. Heart rate during anoxia 

Exposure to anoxia or ischemia typically causes a slowing of heart rate (bradycardia) in 
embryonic and fetal vertebrates. This is in stark contrast to the adult response of increased 
heart rate (tachycardia). In embryos of A. limnaeus with maximal anoxia tolerance (WS 36) 
heart activity ceases within 24 hrs of exposure to anoxia, while late embryos (WS 40) and 
larvae maintain a severe bradycardia until death (Fig. 3; Fergusson-Kolmes and Podrabsky, 
2007). Thus, in this species extreme tolerance of anoxia is associated with the ability to 
reversibly pause cardiac contractility. The mechanisms that allow the cessation of heart 
activity, or conversely that prevent cessation of the heart in later developmental stages are 
currently unknown. It is possible that increased neural and endocrine control over heart 
function explains this difference, and the ontogeny of cardiac physiology during annual 
killifish development should be the focus of future studies. These data may help to inform 
studies of the effects of hypoxia and anoxia on the developing mammalian fetus. There is 
some controversy about the susceptibility of fetal hearts to hypoxic exposures, with those 
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measuring cessation of heart activity finding fetal hearts more susceptible to hypoxia than 
adult hearts (Ostadal et al., 1999). However, it is possible that fetal hearts stop beating as an 
adaptive response to anoxia, which seems more consistent with the overall greater tolerance 
of anoxia in fetal and neonatal mammals as discussed above. 

 

Fig. 3. Heart rate ceases in embryos with long-term tolerance of anoxia (WS 36), while 
embryos that have lost extreme tolerance of anoxia (WS 40) sustain a severe bradycardia in 
response to anoxia (Fergusson-Kolmes and Podrabsky, 2007). WS 36 (4 dpd), WS 40 (12 
dpd). 

5. Anaerobic metabolism and end-product accumulation 

Anaerobic metabolism appears to be very constrained in vertebrates, with glycolytic 
production of lactate being the almost exclusive major end-product of anaerobic 
metabolism. The one major exception to this rule is the production of ethanol (in addition to 
a substantial amount of lactate) during exposure to anoxia in fish of the genus Carassius 
(goldfish and Crucian carp) and perhaps the bitterling (Shoubridge and Hochachka, 1980; 
Johnston and Bernard, 1983; van Waarde, 1991). However, to our knowledge no embryo or 
fetus has been reported to produce ethanol in response to anoxia. Embryos of A. limnaeus 
produce large quantities of lactate as their major anaerobic end-product (Fig. 4; Podrabsky et 
al., 2007). Thus, metabolic rate depression is absolutely key to the success of this survival 
strategy and there is a strong negative correlation between rate of lactate accumulation (a 
reasonable proxy for metabolic rate under anoxia) and survival times in anoxia (Fig. 5; 
Podrabsky et al., 2007). In addition, maximal survival times of anoxia in embryos of A. 
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limnaeus (just over 100 days) agree well with predicted exhaustion of embryonic glycogen 
stores (Podrabsky et al., 2007).  

 

Fig. 4. Lactate is the major end-product of anaerobic metabolism in embryos of A. limnaeus. 
Open symbols represent normoxic values, while colored symbols represent accumulation of 
lactate under anoxia (Podrabsky et al., 2007). 

 

Fig. 5. The rate of lactate accumulation during exposure to anoxia is highly correlated with 
survival times in anoxia, supporting the importance of metabolic rate depression in survival 
of long-term anoxia (Podrabsky et al., 2007). 
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Fig. 6. Embryos of A. limnaeus accumulate succinate, alanine, and large quantities of γ-
aminobutyrate (GABA) when exposed to anoxia. Open symbols represent normoxic values 
while colored symbols represent accumulation during exposure to anoxia (Podrabsky et al., 
2007). 

A. limnaeus embryos also accumulate substantial amounts of alanine, succinate, and γ-
aminobutyrate (GABA) under anoxic conditions (Fig. 6; Podrabsky et al., 2007). 
Accumulation of succinate and alanine is common among invertebrate species that tolerate 
prolonged exposures to anoxia (Hochachka and Somero, 2002), and indicates that continued 
mitochondrial intermediary metabolism is essential to support anoxia tolerance in embryos 
of A. limnaeus (see below). Accumulation of GABA has been documented in the brains of 
adult turtles and crucian carp and has been implicated in the prevention of excitotoxic cell 
death through its role as an inhibitory neurotransmitter in the adult vertebrate nervous 
system (Nilsson and Lutz, 2004). However, the function of GABA as a neurotransmitter in 
the developing nervous system is complex. GABA has a generally excitatory affect on the 
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developing nervous system in the few vertebrates in which it has been studied (Cherubini et 
al., 1991; Ben-Ari, 2002). In rats, GABA signaling is excitatory in late term fetuses and is only 
transiently transformed into an inhibitory neurotransmitter through the expression of 
specific chloride channels during the birthing process (Tyzio et al., 2006). Importantly, this 
change in neurotransmitter activity is associated with an increase in tolerance of oxygen 
deprivation that is thought to be important for survival of ischemia caused during labor. 
Levels of GABA are non-detectable in early embryos (through diapause II) of A. limnaeus 
during normoxic incubation (Podrabsky et al., 2007). When exposed to anoxia, GABA 
accumulates to high levels in embryos that possess extreme anoxia tolerance (Fig. 6; 
Podrabsky et al., 2007). These data suggest that GABA is not yet used as a neurotransmitter 
in these embryos, or that GABAergic neurons are in low abundance, despite the presence of 
a differentiated nervous system. In addition, the high levels of GABA accumulated (8-12 
mM) may indicate a metabolic role for the production of GABA in embryos of A. limnaeus, in 
addition to or instead of a role as an inhibitory neurotransmitter. Further exploration of the 
role of GABA in survival of anoxia, and of the development of GABA signaling pathways in 
the developing nervous system are needed to resolve the role of accumulation of GABA 
during exposure to anoxia in developing vertebrates. 

6. Mitochondrial physiology of developing embryos 

Embryos of A. limnaeus develop an impressive tolerance of anoxia as part of their normal 
development, even under aerobic conditions. In fact, as early embryos develop and enter 
diapause II, they are consistently poised for anaerobic lactate production with over 50 times 
the capacity for lactate dehydrogenase (LDH) compared to citrate synthase (CS) activity 
(Fig. 7; Chennault and Podrabsky, 2010). Even during the highly aerobic regions of 
development in this species (see below) there is about 13 times more capacity for LDH 
activity compare to CS activity (Fig. 7). In fact, citrate synthase activity is low throughout 
most of embryonic development in this species, especially in those developmental stages 
that exhibit the greatest tolerance of anoxia. This low level of citrate synthase activity is 
consistent with what is known about mitochondrial physiology in this species (see below, 
Duerr and Podrabsky, 2010). Calorimetric:respirometric (C:R) ratios can be used as an 
indicator of the contribution of anaerobic metabolism to total heat production. C:R ratios 
indicate a significant contribution of anaerobic metabolism to total heat flow in early 
embryos through diapause II (Podrabsky and Hand, 1999). This anaerobic poise is lost in 
post-diapause II development when C:R ratios are indistinguishable from theoretical values 
based on a completely aerobic metabolism (Podrabsky and Hand, 1999). One strategy of 
these embryos may be to delay maturation of mitochondrial oxidative metabolism in order 
to prepare for exposures to anoxia in their natural environment. This may help to explain 
the slow rates of development in this species (about 38-40 dpf at 25°C to hatching if 
diapause II is not entered) compared to species with similar sized eggs and life histories 
such as Fundulus heteroclitus which complete development after 11-16 days at 20°C 
(DiMichele and Powers, 1984). There may be a trade-off between anoxia tolerance and 
developmental rate that is governed by the ability to retain the metabolic structure of very 
early embryos (cleavage and blastula stage) that relies on anaerobic rather than oxidative 
pathways to support development. The dependence of anoxia tolerant embryos on 
anaerobic metabolism even under aerobic conditions is supported by an extremely low 
activity of mitochondrial electron transport chain complexes and the almost complete 
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absence of ATP synthase activity in mitochondria isolated from diapause II embryos (Fig. 8; 
Duerr and Podrabsky, 2010). In fact, the extremely low rates of oxygen consumption 
exhibited by mitochondria isolated from diapausing embryos can be attributed almost 
exclusively to proton leak (Duerr and Podrabsky, 2010). This apparent waste of metabolic 
fuel to maintain proton leak and therefore some small level of oxidative metabolism appears 
paradoxical.  

 

Fig. 7. Embryos of A. limnaeus have a far greater enzymatic capacity for lactate 
dehydrogenase activity compared to citrate synthase activity throughout development. It is 
especially high during early development and diapause II (Chennault and Podrabsky, 2010). 

We hypothesize that mitochondria in the developing killifish are likely rather organized to 
support limited intermediary metabolism such as amino acid transamination, which 
appears to be important in the survival of A. limnaeus embryos exposed to anoxia 
(Podrabsky et al., 2007). For example, figure 8 illustrates that during diapause II and III, the 
ATP synthase (Complex V) is essentially inactive, though complexes II and IV are 
moderately active. Proton leak, as indicated previously, is also elevated during these same 
periods. One interpretation is that this is a succinate-dependent pathway for maintaining a 
limited proton-motive force. A nominal mitochondrial membrane potential is required for 
metabolite transporter function to provide substrate for the citric acid cycle and to export 
metabolites to the cytosol. We further hypothesize that the inner membrane of mitochondria 
from A. limnaeus embryos may exhibit elevated proton conductance as a mechanism to 
avoid extremely high membrane potentials and subsequent production of reactive oxygen 
species during transitions into and out of anoxia. This theory has yet to be tested 
experimentally. Mitochondrial densities within A. limnaeus embryos, as estimated by 
mtDNA content, increase by nearly four-fold as the embryos transition from diapause III to 
adult (Duerr and Podrabsky, unpublished data). These data clearly illustrate that the 
quantity and nature of mitochondria of A. limnaeus embryos are not consistent with 
maximal aerobic ATP production, but rather a role in supporting intermediary metabolism. 
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Fig. 8. Diapausing embryos have reduced activity of enzyme complexes involved in 
mitochondrial electron transport, including extremely low levels of ATP synthase (complex 
V) activity. DII = diapause II, DIII = diapause III, post-DII embryos are WS 39, larvae are 1-2 
days post-hatch, adult data are for isolated liver mitochondria (Duerr and Podrabsky, 2010). 

7. Preconditioning and anoxia tolerance 

It has long been appreciated that short, non-lethal bouts of oxygen deprivation (ischemic or 
hypoxic) can induce a protective phenotype in mammalian tissues which supports reduced 
tissue damage and increased survival of subsequent more severe bouts of oxygen 
deprivation; a phenomenon known as ischemic or hypoxic preconditioning (Murray et al., 
1986). Because of its clinical potential, preconditioning has been well-studied in mammalian 
systems, but few studies of preconditioning have been reported for other groups of 
vertebrates (Mulvey and Renshaw, 2000; Gamperl et al., 2001; Gamperl et al., 2004). A better 
understanding of the preconditioning-induced phenotype may lead to new therapies to 
reduce tissue damage and mortality as a result of heart attack or stroke. Preconditioning as 
defined in biomedical research on mammalian heart and brain tissue is very similar to 
induced tolerance as described by comparative physiologists. In both instances, an initial 
stressful event protects the organism or tissue in subsequent exposures. The advantages of 
this strategy are obvious, because in many situations (such as daily fluctuations in 
temperature, or tidal cycles) exposures to environmental stress are likely to occur repeatedly 
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or intermittently. Preconditioning is very likely one manifestation of a highly conserved 
cellular stress response (Kültz, 2003, 2005). Thus, exploration of the cellular stress response 
in a variety of evolutionary lineages may shed light on the mechanisms of induced ischemia 
tolerance due to preconditioning. 

7.1 Anoxic preconditioning 

In embryos of A. limnaeus, survival of anoxia can be increased following an anoxic 
preconditioning (AP) regime of 24 hrs of anoxia followed by 24 hrs of aerobic recovery (Fig. 
9). However, early post-diapause II embryos (4 dpd, WS 36), which have the greatest ability 
to survive long-term anoxia, do not experience an increase in survival following anoxic 
preconditioning (Fig. 9). In fact, it appears that AP causes a statistically significant decrease 

 

Fig. 9. Survival of embryos exposed to a single bout of long-term anoxia versus those 
exposed to anoxic preconditioning and then long-term anoxia at 25°C. Control = embryos 
incubated aerobically and then exposed directly to long-term anoxia; AP = embryos at same 
stage exposed to 24 hrs of anoxia and then 24 hrs of aerobic recovery prior to exposure to 
long-term anoxia. Embryos were exposed to anoxia as described in Podrabsky et al. (2007). 
Symbols represent the mean and error bars the S.E.M. (n=4 groups of 20 embryos). 
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in survival in this embryonic stage (Table 1). Later in development, as extreme tolerance of 
anoxia is lost, induction of endogenous protective mechanisms is observed (Fig 10). Both WS 
39 and WS 40 embryos exhibit a significant increase in survival of anoxia following AP (Figs. 
9 and 10). However, the extreme tolerance of anoxia observed in 4 dpd embryos cannot be 
induced in later stage embryos, suggesting that preconditioning is a unique anoxia tolerance 
phenotype. Escape embryos that do not enter diapause II appear to have an equal tolerance 
of anoxia compared to those that reach the same developmental stage after entering 
diapause II (Fig. 10). This suggests that AP-induced tolerance of anoxia is not a consequence 
of a diapause-induced trait that is partially retained or reactivated in a WS 40 embryo, but 
rather is a stage-specific trait. 

 

    LT50, daysa 95% C.I. of LT50     

Stage Preconditioning Mean Lower Upper % Change Sig.b 

WS 36 - post-D2 None 74.3 65.9 82.7  A 
 Anoxia 59.5 52.0 66.7 -20 B 
WS 38 - post-D2 None 27.8 25.9 29.7  A 
  Anoxia 39.1 37.1 41.1 41 B 

WS 40 - post-D2 None 6.7 6.1 7.2  A 
 Anoxia 8.8 8.3 9.4 32 B 

 None 6.1 5.3 6.8  A 
 Aerobic Acidosis 6.1 5.3 7.0 0 A 

 None 5.4 4.8 6.0  A 
 Hydrogen Sulfide 4.4 4.0 4.8 -18 C 

WS 40- Escape None 6.1 5.8 6.4  A 
  Anoxia 9.4 8.9 10.0 56 B 

aProbit regression analysis was used to determine the LT50 for each condition. LT50 values were 
compared for all experiments within a developmental stage, but not across developmental stages. 
bLT50 values were considered statistically different if the 95% CI of their relative median potencies did 
not encompass 1. A relative median potency of 1 would indicate the same effect of each treatment on 
median survival. Comparisons were made for all treatments within a single developmental stage, but 
not between stages. Means with different letters are statistically different (p<0.05). 

Table 1. 95% confidence intervals for lethal time to 50% mortality derived from Probit 
regression analysis of survivorship data. 

The highly variable and extreme environment in which these embryos survive very likely 

imposes severe hypoxia or even anoxia on a daily basis (Podrabsky et al., 1998). Thus, the 

extreme tolerance observed in early embryos, and the ability to induce protective 

mechanisms in later embryos is very likely adaptive in this species. Given their habitat, it is 

curious that high anoxia tolerance would not be retained for all of development. This 

suggests that there may be some trade-off between maintaining high tolerance of anoxia and 

completion of normal development. It is possible that the protective mechanisms and 

metabolic alterations (see above) that support anoxia tolerance may partially interfere with 

rapid cell growth and proliferation, as has been reported for over-expression of stress 

proteins such as HSP 70 in Drosophila melanogaster (Krebs and Feder, 1997). There is certainly 

a consistent trend within A. limnaeus that periods of slow developmental progression and 

greatly reduced normoxic aerobic metabolism have a much greater tolerance of anoxia 
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(Podrabsky and Hand, 1999; Podrabsky et al., 2007). These slow periods of development are 

also associated with entry into diapause II and constitutively elevated levels of HSP 70 

(Podrabsky and Somero, 2007). Thus, it is possible that these pathways may be at odds with 

fast rates of development, and thus maintenance of long-term anoxia tolerance comes at the 

cost of slower development. 

 

Fig. 10. Anoxic preconditioning (AP, closed symbols) can induce increased survival 
compared to control (open symbols) WS 40 embryos of A. limnaeus that have lost their long-
term anoxia tolerance. Both embryos that entered diapause II and then resumed 
development, and those that escaped diapause II and reached the same stage have 
equivalent tolerances of anoxia and responses to AP. All experiments were conducted at 
25°C. Symbols represent the mean ± S.E.M. (n=4 groups of 14-20 embryos). 

7.2 Aerobic acidosis preconditioning 

Aerobic acidosis is known to induce metabolic depression in other systems associated with 

long-term tolerance of anoxia. For instance, in brine shrimp, Artemia franciscana, aerobic 

acidosis can induce many of the phenotypic characters associated with metabolic depression 

(Hand and Carpenter, 1986). We see no affect of aerobic acidosis on increased survival 

following 20 hrs of preconditioning, although there was certainly a physiological affect as 

determined by decreased heart rate (Fig. 11). We conclude based on these two pieces of 
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evidence that the mechanisms that reduce metabolism in aerobic acidosis are distinct from 

those that act during anoxia. This contrasts a number of studies in mammalian tissues that 

report a positive effect of acidotic preconditioning on survival of subsequent ischemic or 

hypoxic insults (Zhai et al., 1993; Lundmark et al., 1999; Luo et al., 2008). It is not clear why 

we do not see a similar effect in this species, but it could indicate that the mechanisms or 

signals that induce preconditioning in this species are novel and represent new avenues for 

extending cell survival during oxygen deprivation. It is also possible that because we did 

not allow the embryos to recover for 24 hrs following the aerobic acidosis, that they did not 

have enough time to induce the proper changes in gene expression. However, we find this 

unlikely because the embryos were always exposed to a normoxic environment, and would 

presumably still have plenty of resources available to support alterations in gene expression. 

7.3 Sodium sulfide preconditioning 

Recent evidence suggests that exposure to hydrogen sulfide can induce a state of metabolic 

depression in mice and can protect them from hypoxic damage (Blackstone and Roth, 2007). 

In addition, hydrogen sulfide signaling has been implicated as an oxygen sensing 

mechanism in the vasculature (Whitfield et al., 2008). Preconditioning A. limnaeus embryos 

with 500 M sodium sulfide under aerobic conditions had no effect on survival of anoxia 

(Fig. 11), although it did have a clear physiological affect as evidenced by reduced heart rate. 

This suggests that sulfide signaling is likely not an important mediator of anoxic 

preconditioning in this system, but could be important in signaling metabolic depression 

through alternate metabolic pathways. This again points to a novel signaling mechanisms in 

A. limnaeus embryos compared to the typical mammalian models. However, this was a very 

simplified experimental regime and perhaps using a different level of sodium sulfide or 

allowing the embryos to recover aerobically for 24 hrs prior to exposing them to anoxia 

would alter the results. 

7.4 Anoxic preconditioning in developing vertebrates 

The concept of physiological preconditioning has been well-developed in response to short 

bouts of restricted blood flow (ischemia) in adult mammalian tissues and organs (e.g. 

Murray et al., 1986; Obrenovitch, 2008; Alchera et al., 2010; Chambers et al., 2010). This 

phenomenon is typified by decreased damage in oxygen sensitive tissues, increased 

physiological function, and increased survival of individuals suffering from an otherwise 

lethal dose of ischemia without prior preconditioning. These studies illustrate that short 

bouts of ischemia can induce a protective phenotype in a variety of tissues and organs of 

many mammalian species. However, most of these studies are focused on adult tissues and 

organs, and it is not clear that preconditioning is affective in early life history stages. For 

example, five 1 min ischemic events induced by umbilical occlusion did not result in a 

preconditioned phenotype in fetal sheep (Lotgering et al., 2004). Ostadalova et al. (1998) 

report no protective effects of ischemic preconditioning on isolated neonatal rat hearts until 

7 days post-birth. They conclude that induction of protective preconditioning may not be 

developed until the baseline high tolerance typical of fetal and neonatal stages is lost 

(Ostadalova et al., 1998). Thus, the limited evidence suggests that while fetal and neonatal 
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Fig. 11. Survival of A. limnaeus embryos at WS 40 that were exposed to long-term anoxia 
(Control) or were preconditioned with aerobic acidosis (20 hrs of exposure to 20% CO2, 80% 

room air) or 500 M sodium sulfide for 20 hrs under aerobic conditions. All experiments 

were conducted at 25C. Symbols represent the mean and error bars the S.E.M. (n=4 groups 
of 20 embryos). The inset graphs for each panel report heart rate activity in beats per minute 
for each experimental treatment. Bars are means and error bars are S.D. (n=8 embryos). Both 
aerobic acidosis and sodium sulfide caused a significant decline in heart rate after 20 hrs of 
exposure (t-tests, p<0.001). 

mammalian embryos have a higher overall tolerance of oxygen deprivation, they lack a 
strong preconditioning effect in heart tissue. However, asphyxic preconditioning does 
appear to induce increased survival in late term rat embryos (Strackx et al., 2010). This study 
exposed late gestation fetuses (embryonic day 17) to 30 min of ischemia by completely 
clamping the uterine and ovarian arteries. This treatment lead to a significant increase in 
survival in pups challenged with 19 min of severe asphyxia on embryonic day 22. The 
conflicting results reported in these two studies on rats may be due to differences in 
experimental methodologies. It is also possible that fetal and neonatal brain and heart 
tissues respond to preconditioning in different ways, and with a different time course of 
development. However, it is important to note that in the data presented in this study as 
well as in the few studies on mammalian fetal and neonatal stages, that preconditioning 
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does not appear to re-establish the fetal/neonatal phenotype of substantially higher 
tolerance of anoxia, and thus the mechanisms that support tolerance of oxygen deprivation 
in early life history stages of vertebrates may be very different from the mechanisms that 
support protective preconditioning. This suggests that studies of both mechanisms could 
lead to novel insights into the prevention of damage due to oxygen deprivation. 

7.5 Evolutionary significance of anoxic preconditioning 

Ischemic or anoxic preconditioning has not been explored in many non-mammalian 
systems. Hypoxic preconditioning has been observed in the heart of hypoxia sensitive 
strains of trout, but not those that have naturally evolved an increased tolerance of hypoxia 
(Gamperl et al., 2001; Gamperl et al., 2004; Overgaard et al., 2004). These authors suggest 
that in the trout heart, hypoxia tolerance and preconditioning are not additive, which leads 
to the conclusion that hypoxia tolerance in this species may amount to the permanent 
induction of the preconditioned phenotype. This is not the case in embryos of A. limnaeus, 
which have a substantial tolerance of anoxia, even in late developmental stages and yet their 
survival can be extended through anoxic preconditioning. However, the present study and 
the work of Gamperl and colleagues (2001; 2004) suggest that anoxic or hypoxic 
preconditioning is very likely an ancient trait that evolved at least early in the vertebrate 
lineage. Indeed, it may be much more ancient than that. Johnson et al. (1989) report hypoxic 
preconditioning of anoxia tolerance in the root tips of corn. Perhaps the anoxic/hypoxic 
preconditioning response is simply the induction of very ancient stress tolerance pathways 
that for some reason are detrimental to multicellular organisms except under conditions that 
limit oxygen supply. The evolutionary history of the preconditioning phenomenon has not 
been comprehensively addressed, and detailed studies from a variety of lineages will be 
needed to assess the overall importance of this response to organismal survival of anoxia or 
hypoxia. 

8. Conclusions 

8.1 Anoxia tolerance during vertebrate development 

Tolerance of anoxia is generally high during early development and is subsequently lost as 
vertebrate embryos develop towards the adult phenotype of low tolerance. This pattern 
applies to species from a diversity of lineages, reproductive strategies, and physiologies. The 
underlying reason for this pattern is currently not known, and cannot necessarily be 
explained by chronic hypoxia during development. Embryos of the annual killifish 
Austrofundulus limnaeus have an unequaled tolerance of anoxia among the vertebrates that is 
orders of magnitude higher even after developmental stage is taken into account. Despite 
this high tolerance, they respond to anoxia using the same basic metabolic pathways as 
more typical vertebrates that lack significant anoxia tolerance. The key to long-term survival 
of anoxia is the ability to enter a state of profound metabolic depression. Contrary to what is 
known in other anoxia tolerant vertebrates, ATP levels are not defended in anoxic embryos 
of A. limnaeus, which indicates a lack of tight coordination between energy production and 
consumption during transition into anoxia. This evidence suggests that embryos of A. 
limnaeus may have novel mechanisms of anoxia tolerance that have not yet been explored. A 
better understanding of these mechanisms has the potential to lead to new treatments for 
diseases and conditions caused by oxygen deprivation in humans. 
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8.2 Preconditioning during vertebrate development 

The induction of preconditioning in developing vertebrates has received very little 
attention. The few studies that have been reported yield conflicting results depending on the 
species involved and likely the developmental stage and tissues investigated. In A. limnaeus, 
embryos with peak tolerance are already prepared for maximal survival of anoxia, and 
show no positive effects of anoxic preconditioning. Later in development, once this maximal 
tolerance of anoxia is lost, anoxic preconditioning does induce a protective phenotype. 
However, preconditioning does not result in recapitulating the lost long-term maximal 
tolerance of anoxia for this species, or in the other species investigated. This leads to the 
conclusion that there is something fundamentally different about the molecular phenotype 
of an embryo following anoxic preconditioning compared to those that naturally express an 
extremely high tolerance of anoxia as a consequence of their natural developmental 
program. This is also the case in mammalian systems, where preconditioning of adult 
tissues is unable to recapitulate the survival times of early life history stages. Thus, the 
mechanisms that support increased anoxia tolerance during vertebrate development and 
those that increase tolerance of anoxia due to preconditioning are likely unique. Continued 
investigation of both strategies has potential to yield a better understanding of anoxia 
tolerance in developing vertebrates and lead to new treatments for improving survival of 
oxygen deprivation in humans. 
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