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Abstract

Embryos of the annual killifish Austrofundulus limnaeus can survive for months in the complete
absence of oxygen. Survival of anoxia is associated with entry into a state of metabolic dormancy
known as diapause. However, extreme tolerance of anoxia is retained for several days of post-
diapause development. Rates of heat dissipation in diapause Il and 4 days post-diapause |1
embryos were measured under aerobic conditions and during the transition into anoxia.
Phosphorylated adenylate compounds were quantified in embryos during entry into anoxia and
after 12 h of aerobic recovery. Rates of heat dissipation were not affected by exposure to anoxia in
diapause Il embryos, while post-diapause Il embryos experienced a profound decrease in heat
dissipation. ATP decreased substantially in both developmental stages upon exposure to anoxia,
and all indicators of cellular energetic status indicated energetic stress, at least based on the
mammalian paradigm. The rate of decline in ATP is the most acute reported for any vertebrate.
The mechanisms responsible for cellular survival despite a clear dysregulation between energy
production and energy consumption remain to be identified. Necrotic and apoptotic cell death in
response to hypoxia contribute to poor survival during many diseases and pathological conditions
in mammals. Understanding the mechanisms that are in place to prevent maladaptive cell death in
embryos of A. limnaeus may greatly improve treatment strategies in diseases that involve hypoxia
and reperfusion injuries.
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Introduction

In the majority of animals studied, entrance into a reversible metabolic arrest requires a

coordinated downregulation of ATP producing and ATP consuming processes, such that the
overall energetic status of cells is not severely compromised during the initial transition into

dormancy (Hochachka, ‘86; Storey and Storey, ‘90; Hochachka et al, ‘96). This
phenomenon is certainly the case for brain tissue in the few vertebrate species that can
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survive prolonged sojourns without oxygen (Nilsson and Lutz, 2004). While ATP
concentration may decrease in other tissues in response to anoxia or hypoxia (e.g. Jibb and
Richards, 2008; Stecyk et al, 2009), defense of cellular concentrations of ATP during the
initial transition into oxygen deprivation is the rule rather than the exception, and is one of
the major tenets proposed by Hochachka as the biochemical basis for survival in response to
oxygen deprivation. Embryos of the annual killifish Austrofundulus limnaeus exhibit
tolerance of anoxia that is substantially greater than any other vertebrate (Podrabsky et al,
2007; Podrabsky et al, 2012). It is currently unclear how anoxia tolerance is supported from
a physiological, biochemical, or molecular perspective in this species. However, it is likely
that unique mechanisms operate to support this unparalleled tolerance of anoxia among
vertebrates. In this study we demonstrate that embryos of A. /imnaeus survive exposure to
anoxia despite a rapid and severe drop in ATP levels that would induce necrotic and
apoptotic cell death in the majority of vertebrate species.

Austrofundulus limnaeus inhabits ephemeral ponds in regions of Venezuela that experience
annual dry and rainy seasons (Hrbek et al, 2005). Populations survive the complete drying of
the habitat through the presence of diapausing embryos that are drought tolerant (Wourms,
“72a; Podrabsky et al, 2001). There are three distinct stages of diapause possible in annual
killifish, named diapause I, 11, and 11l (Wourms, “72b). Embryos of A. /imnaeus routinely
enter into diapause Il and I11, but rarely enter diapause 1 (Wourms, “72b; Podrabsky and
Hand, ‘99). Diapause is a state of developmental arrest that precedes the onset of
unfavorable environmental conditions, and thus embryos will enter dormancy even under
conditions conducive to normal development (Hand, ‘91). Diapause in embryos of A.
limnaeus is associated with a cessation of development, and a profound metabolic
depression (Podrabsky and Hand, *99). Diapausing embryos exhibit indicators of positive
cellular energetic status as evidenced by high levels of total adenylates, ATP/ADP ratios,
and adenylate energy charge (AEC) (Podrabsky and Hand, ‘99). However, adenosine
monophosphate (AMP) levels are elevated in diapausing embryos, which results in an
increased AMP/ATP ratio consistent with activation of the AMP-activated protein kinase
AMPK (Podrabsky and Hand, ‘99). AMPK is part of an ultrasensitive system for monitoring
cellular energy changes and can be considered a metabolic “*fuel gauge” (Hardie et al, “98).
Thus, A. limnaeus embryos appear to conform to the general observation that cellular energy
status is maintained in a moderate range during diapause (e.g., Hand et al, 2011), and there
is very likely a coordinated down-regulation of ATP production and consumption associated
with entry into this state.

Embryos of A. /imnaeus gain the ability to enter into a state of anoxia-induced quiescence as
they develop towards and enter into diapause Il (Podrabsky et al, 2007). The substantial
tolerance of anoxia exhibited by diapause Il embryos is maintained for several days of post-
diapause 11 development, providing a window where the embryaos are actively developing
but still able to tolerate long periods without oxygen (Podrabsky et al, 2007). In fact, long-
term anoxia tolerance peaks during diapause Il with an LTgq of around 65 d (at 25°C), and
this level of anoxia tolerance is retained for at least 4 days of post-diapause 11 development
(Podrabsky et al, 2007). Post-diapause Il embryos exposed to anoxia cease development and
reduce heart activity (Fergusson-Kolmes and Podrabsky, 2007), however the metabolic and
energetic status of these embryos during exposure to anoxia has not yet been investigated.
Based on data available for dormancy during diapause in this species (Podrabsky and Hand,
‘99) and data available for tissues in other vertebrate facultative anaerobes such as
freshwater turtles and Crucian carp (e.g. Buck et al, ‘93; Nilsson and Lutz, 2004; Stecyk et
al, 2009), one would predict that levels of total adenylates should remain high, and cellular
ATP levels will be defended in embryos of A. /imnaeus during the initial transition into
anoxia. In this paper we show that in response to anoxia embryos of A. /imnaeus experience
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a profound decrease in heat dissipation, and a rapid and dramatic decrease in ATP levels.
This latter pattern is unusual among the vertebrates that can survive long term anoxia.

Materials and Methods

Fish husbandry and embryo collection

Adult fish were housed in the Portland State University Aquatic Vertebrate Facility using
previously published methods according to NIH guidelines under approval from the PSU
IACUC (Podrabsky, ‘99; Machado and Podrabsky, 2007). Briefly, spawning pairs of fish
were housed in 10 | aquaria in rack systems of 21 tanks connected to a common sump tank.
Temperature of the system was maintained at 26 + 1°C. Embryos were collected twice
weekly as described in Podrabsky (‘99). For the duration of their development they were
incubated at 25°C in the dark in embryo medium (10 mmol 171 NaCl, 0.14 mmol I"1 KClI,
2.15 mmol 171 MgCl,, 0.0013 mmol 11 MgSQy4, 0.8 mmol I~ CaCls) containing 10 mg I-1
gentamycin sulfate (Podrabsky, ‘99).

Breakage of diapause I

Diapause Il was experimentally broken in embryos by exposure to a 14 h light: 10 h dark
photoperiod at 30°C for 48 h. Embryos were inspected daily and those found to have broken
diapause on the same day were grouped together and used as one experimental replicate. Not
all of the embryos break diapause synchronously, and thus a single exposure to the
conditions listed above produces at least two cohorts of post-diapause 1l embryos that are
developing synchronously.

Developmental stages

Calorimetry

Two developmental stages were chosen for this study based on their extreme tolerance to
anoxia. Diapause Il embryos 32-40 days post-fertilization were used to explore how
diapausing embryos that are already dormant respond to anoxia. Embryos at 4 days post-
diapause 11 (dpd) were chosen because they exhibit the same tolerance of anoxia as diapause
I1 embryos, but are actively developing and have undergone major changes in morphology
and physiology. These embryos are at the equivalent of Wourms’ stage (WS) 36 (Wourms,
“72a) and have a significantly higher metabolic rate compared to diapause Il embryos
(Podrabsky and Hand, “99). A number of embryological advances are associated with
reaching WS 36 including: initiation of organogenesis, advanced cardiovascular
development and a heart rate of over 50 beats min1, increased neural complexity and the
presence of eye pigmentation, and the expression of hemoglobin.

Heat dissipation was measured at 25 °C using a model 2277 thermal activity monitor (LKB
Bromma, Sweden) outfitted with a nanowatt amplifier. Embryos and media to equal a total
volume of 2.5 ml were sealed into a 5 ml stainless steel ampule. An identical 5 ml ampule
filled with aerobic embryo medium served as a reference. For aerobic conditions it was
necessary to equilibrate the medium with a gas mixture of 40% oxygen and 60% nitrogen to
avoid diffusion-limited oxygen supply to the embryos in the absence of stirring. The head-
space of the ampule was purged with this gas mixture for 5 min prior to sealing of the
ampule. Four replicate runs were performed on each developmental stage. For aerobic
conditions 50 diapause Il and 5 post-diapause Il embryos were used for each replicate. This
number of embryos produced a stable (diapause I1) or increasing rate of heat dissipation
(post-diapause 11) in each replicate as would be expected under conditions where oxygen is
not limiting. A larger number of embryos were used for each anoxic run, 190-210 embryos
for diapause Il embryos, and 20-70 embryos for the post-diapause Il stage. For each

J Exp Zool A Ecol Genet Physiol. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Podrabsky et al.

Page 4

replicate the aerobic rate was obtained first, and the ampule was then removed from the
calorimeter. The medium was replaced with anoxic medium (purged with high purity
nitrogen gas for > 1 h), prior to reintroduction of the embryos for the anoxic run. Just prior
to sealing the ampule for anoxic runs the head-space was purged with nitrogen gas for 5 min
to maintain anoxic conditions upon sealing of the ampule. Embryos were returned to the
calorimeter and allowed to thermally equilibrate for 30 min prior to the resumption of data
collection. Anoxic runs ranged in duration from 11.5 — 21 h in length, depending on how
long it took for the heat flow to reach a rate of change indistinguishable from instrument
drift. Aerobic and anoxic heat dissipation values were calculated as the mean heat
dissipation for the last 15 min of each run. The lowest values for embryo heat dissipation
recorded under anoxia were approximately 1.7 microwatts, and blanks averaged within 0.2
microwatts of zero.

Determination of phosphorylated adenylate compounds

Embryos were exposed to anoxia in a Bactron I11 anaerobic chamber that maintains anoxia
through the use of an anaerobic gas mixture (5% H,, 5% CO», balance N») and a palladium
catalyst (Sheldon Manufacturing, Cornelius, OR). Prior to placing them in the chamber,
embryos were rinsed three times with embryo medium previously purged with industrial
grade nitrogen gas for 30 min. The embryos (in 100 x 15 mm plastic culture dishes) were
then placed in the chamber through a pass box following 3 cycles of vacuum to —18 in Hg
and replacement of the gas with anaerobic gas mixture. Once in the anaerobic chamber the
embryos were transferred to culture dishes pre-equilibrated in the anaerobic chamber for at
least 5 d. This step is necessary to ensure that oxygen does not leach into the embryo
medium from the original culture dishes. Embryo medium was then replaced with pre-
equilibrated anoxic medium (purged with industrial grade nitrogen gas for 30 min and
allowed to equilibrate to the conditions in the anaerobic chamber for at least 24 h). Embryos
were incubated at 25°C using the Bactron’s internal incubator. Anoxic samples were
transferred into microcentrifuge tubes within the Bactron chamber, and sealed prior to
removal from the chamber. Samples were then quickly weighed and immediately frozen in
liquid nitrogen prior to preparation of acid extracts.

Perchloric acid (PCA) extracts of embryos were prepared as previously described
(Podrabsky and Hand, “99). Briefly, groups of 50-200 embryos were homogenized in
microcentrifuge tubes in 6 volumes (by weight) of ice-cold 1 N perchloric acid containing 5
mM EDTA using an Ultraturrax homogenizer (IKA). The homogenates were allowed to sit
on ice for 15 min prior to centrifugation at 16,000 x g for 30 min. The supernatant was
neutralized by the addition of ice-cold 5 M potassium carbonate (9% of the original volume
of PCA added). Extracts were stored at —80°C until analysis.

Separation and quantification of phosphorylated adenylate compounds were performed
using a Dionex HPLC system (Dionex, Sunnyvale, CA), as described previously (Menze et
al, 2005). Separation was achieved using a Synergy 4. Hydro RP 80A column
(Phenomenex, Torrance, CA) and a linear gradient (1 ml/min flow rate, 30°C) between
acetonitrile and 50 mM K,;HPO4/KH,PO4 (pH 6.2) containing 10 mM tetrabutylammonium
bisulfate. Following 15 min of elution with the above buffer, acetonitrile was increased from
0 to 25% over 40 min. Effluent absorbance was monitored at wavelengths between 190-390
nm with a photodiode array detector. Compounds were identified by comparison with
retention times of standards, as well as by analysis of the given peak spectrum from a
recorded three-dimensional field with Chromeleon software (Dionex). Concentration of
nucleotides was determined from a measurement of peak area at 260-nm wavelength, via
interpolation with a linear calibration curve. Values are expressed in nmol embryo™1.
Estimates of cellular concentrations can be made by taking into account that only 10-15% of
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the mass of the embryos is composed of metabolically-active cells, the rest being yolk,
extra-embryonic fluid and egg envelope.

Statistical Analyses

Results

Analysis of variance (ANOVA) was used to compare mean rates of heat dissipation and
levels of phosphorylated adenylates (general linear model, IBM SPSS Statistics, version 19).
For comparisons of heat dissipation data, each treatment and developmental stage was
treated as a separate sample, allowing for comparisons within and between developmental
stages. For comparisons of phosphorylated adenylate compounds, analyses were performed
on each compound separately, and post-hoc comparisons made comparing levels at different
times in anoxia to the control values at t = 0 using Dunnett’s t-test (2-sided). For all
comparisons, significance was set at p < 0.05.

Metabolic depression

Embryos exposed to anoxia experience a profound decrease in heat dissipation and reach
extremely low levels of heat flow within the first hours of exposure (Fig. 1). Heat dissipation
rates in diapause 11 embryos exposed to anoxia (11.4 + 3 nW embryo™1; mean + s.e.m., n =
4) are statistically indistinguishable from values obtained from aerobic embryos (57.4 £ 10
nW embryo™t, ANOVA, Tukey’s p > 0.05), although the anoxic embryos average rate of
heat dissipation is 20% of aerobic values (Fig. 2). In contrast, post-diapause Il embryos
experience a profound decrease in heat dissipation from 767.9 + 28 nW embryo~1 to 30.2 +
5 nW embryo~1 when exposed to anoxia (ANOVA, Tukey’s p < 0.001). This amounts to a
decrease in heat dissipation to about 4% of aerobic values within 12-14 h of exposure to
anoxia (Figs. 1 and 2). Interestingly, heat dissipation rates in anoxic post-diapause Il
embryos are indistinguishable from aerobic and anoxic heat dissipation in diapause Il
embryos (Fig. 2; ANOVA, Tukey’s p > 0.05).

Cellular energy status

Post-diapause 11 embryos have significantly higher levels of total adenylates (0.55 + 0.03
nmol embryo™1; mean + s.e.m., n = 3) and ATP (0.46 + 0.02 nmol embryo~1) under aerobic
conditions when compared to diapause Il embryos (total adenylates = 0.3 + 0.02, ATP =
0.22 = 0.008 nmol embryo™1; ANOVA, p = 0.002 for total adenylates, p = 0.001 for ATP).
Levels of ADP are similar in both developmental stages under aerobic conditions with mean
values of 0.085 = 0.009 nmol embryo~1 for post-diapause 11 embryos and 0.067 + 0.01 nmol
embryo~1 in diapause 11 embryos (ANOVA, p = 0.287). AMP is similarly low in both
developmental stages under aerobic conditions, 0.005 £ 0.005 for post-diapause Il and 0.014
+0.007 nmol embryo™? for diapause 11 (ANOVA, p = 0.398). A large-scale drop in ATP
occurs in both developmental stages under exposure to anoxia (Fig. 3). Diapause Il embryos
experience a 4-fold decrease in ATP content after 48 h of anoxia reaching values as low as
0.054 + 0.002 nmol embryo™1, while in post-diapause 11 embryos ATP levels drop by 8.3-
fold to a very similar value of 0.056 + 0.006 nmol embryo~1. ADP remains unchanged upon
exposure to anoxia at values around 0.10 nmol embryo~1 in both developmental stages.
However, AMP increases by 6.5-fold in diapause Il embryos to 0.089 + 0.001 nmol
embryo™1, and 36-fold in post-diapause 11 embryos to 0.19 + 0.005 nmol embryo™1. The
total adenylate pool remains unaltered by exposure to 48 h of anoxia in diapause 1l embryos
at 0.24 = 0.007 nmol embryo™L. In contrast, post-diapause 11 embryos experience a 40%
decrease in total adenylates after 48 h of anoxia to 0.34 = 0.004 nmol embryo™1. These shifts
in adenylates lead to significant decreases in adenylate energy charge (AEC) and ATP/ADP
ratios, and a significant increase in the AMP/ATP ratio within the first 14 h of anoxia for
both developmental stages (Fig. 4). Diapause Il embryos experience a decline in AEC from
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0.84 + 0.03 to 0.43 £ 0.001 and in ATP/ADP ratios from 3.3 + 0.36 to 0.55 + 0.08 after 48 h
of anoxia. In post-diapause Il embryos, 48 h of anoxia causes an even greater decrease in
AEC from 0.91 £ 0.01 to 0.31 + 0.01 and in ATP/ADP ratios from 5.6 + 0.4 to 0.57 + 0.08.
AMP/ATP ratios increase substantially from 0.064 + 0.03 to 1.7 + 0.05 in diapause |1
embryos and from 0.012 + 0.01 to 3.4 £ 0.4 in post-diapause 11 embryos.

Diapause Il embryos recover more quickly from 48 h of anoxia than do post-diapause Il
embryos (Figs. 3, 4). All three species of adenylates return to control values as do all three
metrics of cellular energy status after 12 h of aerobic recovery in diapause Il embryos (Figs.
3, 4). In post-diapause 11 embryos, ADP and AMP return to near control values after 12 h of
aerobic recovery, while ATP remains 40% below control values. This results in a failure of
the ATP/ADRP ratio to return to control values. In addition, the pool of total adenylates is
23% lower than levels prior to exposure to anoxia, suggesting the likely loss of adenylates
through degradation to adenosine or other compounds (Figs. 3, 4).

Discussion

Developmental stage-specific responses to anoxia

Exposure to anoxia causes a significant decline in heat dissipation in post-diapause Il
embryos, consistent with data from other species of vertebrate facultative anaerobes
(Hochachka et al, “96). In contrast, diapause 1l embryos do not experience a statistically-
significant decline in heat dissipation during anoxia. These data suggest that diapause 11
embryos likely support a large percentage of their metabolism using anaerobic pathways
even under aerobic conditions. This conclusion is consistent with the high C:R ratios
(Podrabsky and Hand, 1999) and the low levels of oxidative capacity observed in diapause |1
embryos (Chennault and Podrabsky, 2010) and mitochondria isolated from diapause 11
embryos (Duerr and Podrabsky, 2010). Such a phenotype of aerobic glycolysis is similar to
that seen in some types of hard tumors (Lunt and VVander Heiden, 2011).

Both diapausing and post-diapausing embryos have similar rates of heat dissipation during
anoxia, despite large differences under aerobic conditions. The convergence of the two
developmental stages on a similar heat flow during anoxia may indicate a common
metabolic phenotype for survival of long-term anoxia in this species. It may also indicate
that aerobic diapausing embryos have already reduced energy flow to the minimum levels
necessary to maintain viability. More detailed studies of heat flow and accumulation of
metabolic end-products during the first 24-48 h of anoxia would be required to better define
the metabolic rate of anoxic embryos and the pathways used to support this metabolism.
However, the similar levels of heat dissipation in the two developmental stages, coupled
with similar levels of ATP may indicate a restructuring of metabolism that is common to
both developmental stages.

Levels of ATP, metabolic depression and cell death

A great deal of effort has been spent investigating the molecular mechanisms that support
tolerance of hypoxia and anoxia in animal species (Hand and Hardewig, ‘96; Hand, ‘98;
Krumschnabel, 2000; Hochachka and Somero, 2002). From these data, a suite of characters
has been assembled that appear to separate anoxia tolerant from intolerant animals. At the
heart of this model for anoxia tolerance is the ability to reversibly suppress cellular
metabolism through a coordinated downregulation of energy consuming and energy
producing pathways, such that the energetic status of the cells is maintained. This model is
typified by facultative vertebrate anaerobes such as freshwater turtles and the crucian carp
(Hochachka et al, “96; Lutz and Nilsson, ‘97; Nilsson and Lutz, 2004). Consistent with this
model, embryos of A. /imnaeus experience a profound arrest of heat flow during exposure to
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anoxia. However, surprisingly ATP levels plummet rapidly in anoxic embryos of A.
limnaeus, and all indicators of cellular energetic status indicate a lack of tight coupling
between ATP production and consumption during the transition into anoxia. Thus, the
annual Killifish embryo, the most anoxia tolerant vertebrate, deviates from other vertebrate
facultative anaerobes by experiencing a rapid and severe decrease in ATP during the initial
transition into anoxia. The importance of this major difference in the timing and severity of
ATP loss is not yet clear, but has many implications for the survival of vertebrate cells faced
with limited ability to produce ATP and support “normal” rates of ATP turnover.

One caveat that should be considered is that the methods employed in this study yield total
and not free levels of phosphorylated adenylates. These values are the best estimates that can
currently be reported in this system due to a large interfering peak that obscures the
adenylate resonances using nuclear magnetic resonance spectroscopy (Podrabsky,
unpublished). Importantly, it is very unlikely that knowing the free levels of adenylates
would significantly alter the results or interpretations in this study. The level of free
adenylates will always be lower than the total levels, and thus in the case of ATP, the
effective levels of cellular ATP may be even lower than reported here, and thus would not
change any major interpretations of the data. In contrast, the drastic increase in total AMP is
very likely to yield a biological effect, and thus while the actual magnitude of the increase
may be over-estimated, the biological consequences are not likely to change. For ADP, the
lack of a change in concentration suggests no change in activity, if we assume that the ratio
of free to total ADP does not change during anoxia.

Patterns of ATP levels in animals exposed to anoxia appear to fall into four major categories
when viewed as a function of maximal survival time in anoxia (Fig. 5). First, there are a
number of invertebrate species that experience an initial loss of ATP, but then reach a new
steady state level of ATP during long-term anoxia (Fig. 5A). These animals typically have
survival times in days or months at low temperatures (< 10°C) and for several days near
room temperature. In contrast to embryos of A. /imnaeus, other vertebrate facultative
anaerobes such as goldfish, crucian carp, and freshwater turtles appear to maintain high ATP
levels during the initial transition into anoxia (Fig 5B,C). However, tissue-specific responses
appear to follow this initial defense of ATP levels (Fig 5B); muscle maintains high levels of
ATP during long-term anoxia, heart reaches a new steady-state level around 50-60% of
initial values, and liver experiences an eventual major decline in ATP levels (Jackson et al,
‘95; Stecyk et al, 2009). The third major pattern is a nearly continual and steady loss of ATP
until death as illustrated by frog and rat brain (Fig. 5C). However, it is noteworthy that in
several tissues of the common frog Rana temporaria, ATP declines to as low as 15% of
control aerobic values over a 2 h period of anoxia (Wegener, ‘88; Wegener et al, ‘86), but
then returns to control values after 2 h of aerobic recovery (Wegener, ‘88). Thus the ATP
decline is reversible, so long as the maximal survival time for this species is not exceeded.
The fourth, and perhaps most striking pattern, is an initial and dramatic drop of ATP to low
levels during the transition into anoxia. This pattern is illustrated by embryos of A.
limnaeus, and by embryos of the brine shrimp Artemia franciscana (Fig 5A,C). Importantly,
the fourth strategy of an initial and large drop in ATP levels is associated with extreme
tolerance of anoxia in both species.

The benefit of a large drop in ATP levels is not readily apparent, while the negative
consequences appear to be manifold. In A. franciscana, the drop in ATP is associated with a
significant drop in intracellular pH. In Artemia, the drop in pHj; is known to induce many of
the changes associated with anoxia-induced quiescence in this system, including arrestment
of carbohydrate metabolism. However, large changes in pHj are not typically tolerated by
animal cells, and thus this strategy could have limited applicability. There are also many
allosteric effects on metabolic enzymes that would be associated with this drop in the
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concentration of ATP. Some have argued that the decreased free energy of ATP hydrolysis
associated with major decreases in levels of ATP relative to ADP would be detrimental to
the cell (e.g. Fiolet et al, ‘84; Tian and Ingwall, ‘96; Ingwall and Weiss, 2004). In these
studies, it appears that the ability to maintain cellular ion gradients, especially intracellular
calcium via the activity of calcium ATPases, is tightly linked to the free energy of ATP
hydrolysis, and levels below about 52-53 kJ mol™~1 are not tolerated in cardiac myocytes.
Levels of free inorganic phosphate are currently unknown in embryos of A. /imnaeus, and
thus it is not possible to estimate the free energy of ATP hydrolysis. However, we
hypothesize that the reduced amount of ATP present in anoxic embryos of A. /imnaeus leads
to a reduction in the free energy of hydrolysis for ATP that is still sufficient to support
maintenance of critical cellular ion gradients.

Major decreases in cellular ATP levels are often associated with cell death, both through
necrotic and apoptotic pathways (Richter et al, ‘96; Hand and Menze, 2008). However, the
requirement for high levels of ATP to support cell survival is a point of some contention. In
many tissues and situations a fall in ATP is an excellent sign of impending cell death (see
Fig. 5C), but it may not be the cause. For example, a few studies employing metabolic
inhibitors on quiescent cells (induced by removal of growth factors) have reported survival
of cells in culture despite severely reduced (sometimes less than 10% of control) levels of
ATP and an associated drop in relevant indicators of cellular energetic status (Live and
Kaminskas, ‘75; Venkatachalam et al, ‘88). It is worth emphasizing that in both of these
studies the cells were quiescent, and perhaps withdrawal from the cell cycle is one
prerequisite for surviving depletion of ATP stores. In addition, even cells with substantial
tolerance of anoxia (goldfish, Fig. 5C) experience a loss of ATP levels under prolonged
anoxia in a manner very similar to that of anoxia sensitive species such as rats. Thus, a loss
of ATP may signal impending cell death, or even be the cause of cell death in active cells
with high metabolic demands, but in situations where ATP turnover is limited, a severe
decline in ATP levels and cellular energetic balance may be tolerated.

Broader implications

It is intriguing that two of the most anoxia tolerant animals, embryos of A. franciscana and
A. limnaeus do not defend cellular levels of ATP when faced with anoxia. Thus, it is clear
that maintenance of high levels of cellular ATP is not a pre-requisite for cellular survival,
and the importance of a coordinated downregulation of catabolic and anabolic pathways has
perhaps been over-stressed in the literature. In addition, data from this study and others
using quiescent (growth factor deprived) cells suggest that the prerequisite for survival of
energy limitation is reduced metabolic demand. In this case, then loss of ATP and a
subsequent increase in AMP observed in embryos of A. /imnaeuswould be beneficial
through activation of AMPK and allosteric regulation of key metabolic enzymes. The
significance of this finding is not yet completely clear, but it does challenge one of the
central tenets of the requirements for surviving oxygen limitation as outlined by Hochachka
etal. (“96). It is interesting that both A. /imnaeus and A. franciscana survive prolonged
anoxia as embryos, and perhaps it is something inherent in the metabolism of development
that causes or allows the depletion of ATP levels associated with anoxic quiescence. The
advantages of a lowered ATP level are not readily apparent, while the disadvantages are
many. The fact that the vast majority of animal cells cannot recover from such a drastic loss
of ATP, reinforces the potential importance of this finding. Further research into the
mechanisms that support anoxic metabolism in cells of A. /imnaeus embryos is very likely
to highlight mechanisms for cell survival that have not been previously studied in vertebrate
cells.
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Fig. 1.

Representative heat dissipation data for aerobic and anoxic embryos of A. /imnaeus. The
dashed line indicates the initiation of anoxic conditions, and the gap in the tracing is due to
removal and re-equilibration of the ampule containing the embryos following establishment
of anoxic conditions. The last 15 min of each aerobic and anoxic run were used to extract
data for the heat dissipation data presented in Fig. 2.
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Fig. 2.

Rate of heat dissipation in diapause Il and post-diapause Il embryos under aerobic and
anoxic conditions. Bars represent the mean * s.e.m. (n = 4). Bars with different letters are
statistically different (ANOVA, Tukey’s post hoc, p < 0.001).

J Exp Zool A Ecol Genet Physiol. Author manuscript; available in PMC 2013 December 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Podrabsky et al.

nmol embryo!

nmol embryo™

Fig. 3.

0.6+
0.5+
0.4+
0.3+
0.2+
0.1+

0.0-

0.6+

Page 14

Post-diapause Il

—O- Total Diapause I | Aerobic
—e— ATP |
-0- ADP |
—— AMP |
|

N : ---- O

e

* *' ““

é‘::f ....... n

¥ ‘if TS

| ) ) |} ] |

Time in anoxia, hr

Phosphorylated adenylate compounds in embryos of A. /imnaeus exposed to 48 h of anoxia
followed by 12 h of aerobic recovery. Symbols represent the mean = s.e.m. (n = 3).
Statistical differences from control values (t = 0) are indicated by a t for total adenylates, a t
for ATP, and a * for AMP (ANOVA, Dunnett’s post hoc test, p < 0.01). Total adenylates
and ATP levels are statistically different in the two developmental stages at t = 0 (ANOVA,
Tukey’s post hoc, p < 0.002), while ADP and AMP levels are not.
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Fig. 4.

Measures of energetic status for embryos of A. /imnaeus exposed to anoxia followed by 12 h
of aerobic recovery. Symbols are means + s.e.m. (n = 3). Statistically significant differences
from values at t = 0 are indicated by a * for post-diapause I, and a T for diapause Il embryos
(ANOVA, Dunnett’s post hoc, p < 0.01).
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Fig. 5.

The relationship between depletion of ATP levels and survival of anoxia in animals. (A)
Invertebrate species with high tolerances of anoxia, Artemia fransciscana (brine shrimp,
early anoxia ATP levels from Anchordoguy and Hand, ‘94; survival time and long-term
anoxia ATP levels from Warner and Clegg, 2001), Hirudo medicinalis (leech, Zebe et al,
‘81) Nephelopsis obscura (leech, Reddy and Davies, ‘93 for ATP levels, survival time from
Davies et al, ‘87), Mytilus galloprovincialis (mussel, Isani et al, *95). (B) Tissues of anoxic
turtles (Chrysemys picta) exposed to anoxia at 3-5°C (Jackson et al, “95; Stecyk et al, 2009
for heart). Survival time estimated at 180 d at 3°C (Ultsch and Jackson, ‘82). (C) Levels of
ATP in brain tissue of goldfish Carassius auratus (van den Thillart, ‘82), frog Rana pipiens
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(Lutz and Reiners, ‘97), 10 d old rat Rattus norvegicus (Lolley and Samson, ‘62 for ATP
levels; Adolph, ‘69 for survival), and post-diapause 1l embryos of A. limnaeus (this study).
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