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"When I see a bird that walks
like a duck and swims like a
duck and quacks like a duck, 1
call that bird a duck”
attributed to James Whitcomb

Riley
The question of what life is, what is considered
its beginning and its end, apparently stands before
the mankind since its appearance on Earth. And this
question is still on the agenda. The deeper the
researchers dig into the essence of biological
processes, the more blurry the line separating life
and death becomes. Concepts of “latent” or

“suspended” life arise, visible signs of which

previously would have been considered attributes of
death. To denote such ambiguous living states, in
1873 a German scientist Wilhelm Preyer introduced
a concept of anabiosis (ava - again and Piog - life) -
return to life. This concept carries the idea that the
states of life and death, as they are understood, can
be reversible, despite the fact that visible
manifestations of life are absent (Goldovsky 1981).
The conditions, under which life processes in an
organism can be significantly inhibited, up to
temporary cessation, are far beyond optimal for
functioning. Suppression of life-sustaining functions
is an adaptive reaction developed for surviving such

restrictions. All these conditions are stressful to an
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organism and cause physiologic changes which may

be more or less able to offset the impact of stress.

There are two qualitatively different strategies
for adaptation to stressful external conditions -
increase in resistance and increase in tolerance
(stamina, endurance) (Kulinsky & Olhovsky 1992).
Phylogenetically more ancient tolerance strategy is
characterized by subordination to the external
environment. Metabolic basis for this strategy is the
inhibition of metabolic processes, reduction in
energy expenditure and oxygen consumption,
minimization of functions, which inevitably lead to
certain changes in homeostasis. However, the
organism is resistant to them: they are not excessive,
not harmful and are reversible. This particular
strategy is utilized in cryptobiosis (Roots 2006).
Currently, there is division of cryptobiotic states into
Hibernation, Estivation, Anoxia, Freezing, and

Diapause (Goldovsky 1981; Roots 2006) .

The ability to sustain prolonged anabiosis is
widely known in microorganisms as well as in
higher organisms (Goldovsky 1981; Feofilova 2003;
Roots 2006; Blanco & Rahalinarivo 2010). It could
be stated that mechanisms allowing for cryptobiosis
are present in representatives of practically all
groups of fauna and flora. The search for specific
functional features of hibernating animals in active
phase, which would distinguish them from non-
hibernating ones, does not reveal such differences,
while plenty of physiologic differences between
animals in the state of hibernation and actively
metabolizing ones exist. A careful study of the
physiologic and biochemical processes responsible
for implementation of hypometabolic states in
hibernating  animals  suggests that during
hibernation, in the body of a hibernating animal,
changes are observed similar to those that occur in

severe clinically pathologic cases (Roth & Ochler

2010), but the latter, as a rule, are irreversible. All
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critical pathologic processes that require urgent
intervention to preserve live, are very strong
stressors and demand an immediate response. As
early as in the works of H. Selye, attention was
drawn to non-specificity and generality of
organism’s response to strong stressful stimulation

(Selye 1998).

Human response to extreme stress and

pathologic effects.

Human reaction to extreme stress and some
pathologic states often manifests as shock, coma,
and clinical death. These states, regardless of
damaging effects, usually proceed through two
major phases: erectile and torpid (Mazurkiewicz &
Bagnenko 2004). Erectile (excitation) phase is
associated with the initial response to a shocking
agent which comprises massive release of
catecholamines into the blood, with their
concentration in the blood exceeding normal by 30—
100 times (Hardaway 2006). Tachycardia, increased
blood pressure, glycogenolysis, hyperglycemia are
characteristic (Desborough 2000). Simultaneously
with peripheral vasospasm, vasodilation in vital
organs (heart, brain, liver) is observed, which can be
considered an automatic reaction aimed at

increasing energy supply to the vital organs.

Coagulopathy, sludging (Pories et al. 1962) and
tissue hypoxia develop (Stalker 1970) which
subsequently determine the severity of the shock
state. Massive glycogenolysis in the absence of
oxygen leads to lactic acidosis (Hardaway 2006). In
turn, increased acidity reduces contractility of the
heart muscle, which reduces the oxygen delivery to
tissues, initiating the “death cycle” (“triad of death”)
- coagulopathy, acidosis, hypothermia (Lewis 2000).
A comparative review of stages of hibernation onset
in hibernating organisms points to similarity with

the stages of critical shock onset in humans.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 4 2011



271 The hypothesis of specific affinity...

. In the blood of hibernating organisms,
before the onset of hibernation, the content of
catecholamines increases by 500-600%. The

animals are overly excited and agitated.

. Heart rate acceleration, hypertension,
glycogenolysis,
(Goldovsky 1981) are observed.

lipolysis, hyperglycemia

. There is pronounced coagulopathy. Blood
clotting time may increase from 8 minutes to 150
minutes or more during hybernation (Smith,

Lewis, & Svihla 1954).

. Metabolism in skeletal muscule and brain
is suppressed (Frerichs et al. 1998). Bowel bulk
and its functional activity sharply decline (Cramp

et al. 2009).

. Body temperature decreases (Goldovsky

1981; Roots 2006).

. Upon entering the state of hibernation,
initial acidosis is noticed, which is regulated in
such a way that the intracellular acidosis in the
dormant state is contained within brain and
skeletal muscle cells, but is not observed in the
liver and heart muscle cells (Malan, Rodeau, &

Daull 1985).

. Torpidity is a necessary condition for

hibernation (Goldovsky 1981; Roots 2006)

Undoubtedly, there are common physiologic
findings observed at the onset of hibernation, state
of shock, and clinical death. Perhaps these
similarities are a reflection of a genetically
programmed in virtually all animals, including
humans, mechanism ensuring cryptobiosis.
According to existing theories, in critical situations
more ancient biological mechanisms are utilized
(Orbeli 1949). Therefore, similar mechanisms
should be observed during embryogenesis and early

ontogeny. Before birth, the level of catecholamines

in the embryo’s blood rises. Mobilization of energy
stores leads to breakdown of glycogen (Glg) stored
in the liver to glucose (Gupte 1968). The level of
lactate (La) in blood increases, and metabolic
acidosis ensues. It is known that embryos are highly
resistant to hypoxia (Boyle, Meschia, & Wilkening
1992; Podrabsky et al. 2007), which is determined

by two conjugated factors:

. selective reduction of oxygen consumption and
aerobic metabolism in  non-vital organs
(skeletal muscle), followed by intensification

of glycolysis in them and La production;

e balancing La production and its metabolism in
organs with sustained non changeable aerobic

exchange (Boyle et al. 1992).

Another characteristic feature of the -early
development period is resistance to cooling
(Lokotko 1949). It is obvious that physiologic
mechanisms assuring embryo’s and organism’s
reactions to hypoxia and stress, at the early stages of
development, have similarities with the processes
occurring in animals during hibernation and with

human responses to critical stressful insults.
The role of catecholamines

Catecholamines are physiologically active agents
operating in the body as chemical mediators. Cells
capable of synthesizing norepinephrine (NE) are
found in many tissues, i.e. NE access is provided
directly to each cell (Baulieu 1990). As a
neurotransmitter, it affects local blood flow
(vasoconstriction) (Backer et al. 2010), functional
activity of organs and cell degradation (Dunser &
Hasibeder 2009), activation of anaerobic glycolysis
and release of La into blood by skeletal muscle
(Qvisth et al. 2008). Massive surge of NE, as a
hormone and a neurotransmitter, in stressful
situations and during hypoxia, has multifactorial

beneficial effect on the body. Its onset of action is
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within seconds and can sometimes demonstrate
features of anticipatory reactions. The released
energy substrates can be used by all body tissues
and cells, assisted by stimulation of blood
circulation. However, prolonged exposure to NE can
deplete energy reserves in animals preparing for
hibernation, while they will be necessary during
awaking. Consequently, during transition into state
of  cryptobiosis, quick  neutralization  of
neurotransmitter action is needed in order to

conserve energy substrates (Benedict & Grahame-

Smith 1978).

It can be summarized that the impact of massive
release of catecholamines, which is observed at the
onset of hibernation as well as in the perinatal period
and in the state of shock or clinical death, has a
signaling function and provides all body systems,
organs and cells with the maximum supply of
energy substrates. Very important consequence of
massive catecholamine surge is discontinuation of
power supply to the most energy consuming but not

live sustaining systems.
Providing a cell with stocks of energy substrates.

Power supply of a cell determines its
survivability, and therefore, the onset of hibernation
should be accompanied by provision of adequate
amounts of energy substrate for all cells.In
hibernating animals before dormancy, significant
accumulation of Glg and lipids in critical tissues
including hepatocytes is demonstrated (Malatesta et
al. 2002). Glg accumulation in the liver is
considered to be one of the major prerequisites for
survival in animals capable of sustaining hypoxia

and anoxia (Bickler & Buck 2007).

During embryogenesis in virtually all vertebrate
species, a characteristic period of maximal
accumulation of energy substrates in the liver

preceding birth is observed (Randall & L’Ecuyer
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1976; Margolis 1983; Devi, Habeebullah, & Gupta
1992). During the moment immediately preceding
birth, Glg in the liver and other tissues of all animals
begins to plummet (Devi et al. 1992). The level of
La in the blood increases, and metabolic acidosis
ensues (Polianchikova et al. 2009). Probably, this
decrease in Glg is caused by disruption of
embryonic oxygen regimen and is explained by
redistribution of energy substrates among all cells.
The likelihood of survival in animals resistant to
anoxia is highly dependent on Glg stores in the liver.
In case of total depletion of liver Glg, an animal
does not survive in anoxic conditions (Nilsson

1990).

Specific features of the nervous system’s reaction

to hibernation and critical stress

Release of catecholamines and, consequently,
activation of catabolic processes is regulated by the
autonomic nervous system (ANS) (Appenzeller &
Oribe 1997). A characteristic feature of ANS is that
exclusion of innervation by the ANS results in
significant increase in cells sensitivity to NE
(Pokrovsky & Korotko 1998). It can be assumed
that in case of severe depression of the central
nervous system which is observed in hibernating
animals during hibernation and in non-hibernating
animals at the time of critical stress and hypoxia
(Desborough 2000; Drew et al. 2001), such
inhibition may encom pass the ANS as well. In that
case, increase of cellular sensitivity to NE may play
a major role in awakening of the animal from

hibernation.

During hibernation, the hippocampus plays the
most important role — it performs a “guarding”
function and triggers central nervous system
activation mechanism at termination of hibernation
(Malan & miidicale 1989). Cellular changes in the

hippocampus  during hibernation = demonstrate
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presence of structural rear rangements, as well as
temporary loss of synaptic contacts between
neurons, which persisted for 3h after induced
excitation from hibernation. It seems that
adjustments, both metabolic and morphologic
(Magarinos et al. 2006), which occurred at the time
of “switching on” hypometabolic state at the cellular
level, require some time for reverse reorganization
and return of the cells into active state. Changes in
the cells of the hippocampus during hibernation are

completely reversible (Anoshkina 2005).

Talking about ensuring viability of the cells of
the nervous system under conditions of hypoxia and
concomitant hibernation, feasibility of
catecholamine release prior to slowing of metabolic
processes in the body is explained by the necessity
to provide the nervous system in an isolated state
with energy substrates. In hyperglycemic state
caused by catecholamine release, there is rapid
accumulation of glucose in neurons and astrocytes
in a parallel fashion (Simpson, Carruthers, &

Vannucci 2007).
The role of lactate and lactic acidosis

In case of isolation of the nervous system cells,
maintenance of viability of a neuron can be achieved
by the use of La. La is accumulated by nervous
tissue during lactic acidosis by means of ACNS
(astrocyte-neuron lactate shuttle) (Aubert et al
2005; Brooks & Hashimoto 2007; Boumezbeur et
al. 2010), since La can be used instead of glucose to
maintain viability of brain cells in critical situations

(Quistorft, Secher, & Lieshout 2008).

The fact that La production and utilization of
exogenous La by a cell are carried out via different
metabolic pathways (Chatham, Rosiers, & Forder
2001) explains the ability of the cells of nervous and
muscle tissues to survive in conditions of hypobiosis

and vasoconstriction with the use of extracellular

La, but with suppression of their own glycolysis. In
addition to its function as the energy substrate, the
role of La and metabolic acidosis for the nervous
tissue may be a signaling function (Chesler 2003). It
is natural to assume the role of La as a pseudo-
hormone, which plays an important role in
coordinating cellular and systemic functions (Philp,
Macdonald, & Watt 2005). Besides, La can be
quickly redistributed among tissues and delivered to
those tissues in which it can be used as a substrate
for gluconeogenesis and glycogenesis (Brooks &
Hashimoto 2007). A possibility of La pyruvate
exchange between mitochondria (Mt) and cytosol,
ie. Mt participation in the processes of
gluconeogenesis, and stimulation of this process by
NE (Brooks et al. 1999; Bari et al. 2004) are

considered.

Thus, the distinguishing feature of animals
capable of undergoing cryptobiosis, lies in the fact
that the initial enhancement of glycolysis, caused by
massive release of catecholamines, is a temporary
phenomenon. Shortly thereafter, the activity of the
enzymes of glycolysis in the liver declines.
Cessation of glycolysis first occurs in the liver,
which makes sense for preservation of stocks of Glg
(Kelly & Storey 1988). It is the increase in
concentration of extracellular La that can inhibit
glycolysis (Isaacson, Solis, & Nicoll 1993). Another
feature of lactic acidosis is increase in the
electrochemical gradient created by La /H+ transport
across the membrane. Gradient is considered
metabolic energy which is independent of ATP, but
can be used by a cell (Kandel, Schwartz, & Jessell
2000; Basu, Mukherjee, & Adhya 2008) under
conditions of suppression of ATP production by the
La in Mt (Ereciska ef al. 1993). Lactic acidosis
accompanying hibernation and stress states is
directly related to the dynamics of intracellular

calcium ion (Ca”" i) content.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 4 2011



Effect of Ca** on the metabolic processes in a cell

(Ca’"i) concentration changes rapidly, depending
on the state of the cell. The same changes occur in
the nucleus (Nicotera et al. 1989). Phosphorylation
and dephosphorylation, which alter enzymatic
activity and occur during changes in metabolic
states, are also dependent on (Ca*'i) (Padilla et al.
2002; Storey & Storey 2004). Increase in calcium
concentration in tissues is characteristic for animals
resistant to anoxia (Jackson 2002). Regulation of
Ca®" concentration inside the cell is carried out by
coordinated action of the endoplasmic reticulum
(ER) and Mt, which have an independent ability to
deposit excess Ca*" and release it — i.e., they regulate
cellular metabolism (Duchen 2000; Walsh et al.
2009). This regulation is ensured by Ca*" exchange
between them (Csordas et al. 2010) for which
contact between the organelles is required (Filippin

et al. 2003).

It should be noted that NE has a property of
intracellular signaling chain  activation which
ultimately causes the release of Ca** from
intracellular ER (Alexandrov et al. 2008) into the
cytosol. Accumulation of Ca?' in the cytosol causes
its deposition in Mt and leads to reversible inhibition
of their functional activity (Buja et al. 1983), and to
reversible blockade of the respiratory chain (Baker,
Hodgkin, & Ridgway 1971). Taking into
consideration dependence of Ca®" accumulation in
Mt on H' gradient created by respiratory chain
reactions (Vasington & Murphy 1962), it can be
assumed that intramitochondrial concentration of
Ca’ (Ca®m) can be regulated by decrease in
oxidative processes. In view of the data on
participation of ER in activation of apoptosis (Rosati
et al. 2010), it is obvious that disruption of
concordant Mt and ER activity in a cell in regulating
(Ca*1) may serve as a signal to launching apoptosis.

Change in (Ca®i) concentration regulates the
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colloidal state of the cytoplasm, which is directly
related to the regulation of metabolic activity of the
cell (Pollack 2001). Sol/gel ratio at different
concentrations of Ca®" in cytosol alters Mt and ER
aggregation, regulates levels of energetic exchange
and biosynthesis (Distelhorst & Shore 2004;
Brough, Schell, & Irvine 2005). With decrease in Mt
locomotor activity (Hajnoczky et al. 2007), their
linear aggregation (Mironov 2006) and increase in
matrix density are observed — so-called “giant” Mt,
which can be found in the liver of hibernating
animals and in pathologic conditions. Their
formation is a reversible process (Chedid, Jao, &
Port 1980; Volkova & Turdyev 1987). Similar
morphologic changes are also characteristic for plant
and animal cells which have undergone long-term
incubation under conditions of low temperature or

anoxia (Vartapetian et al. 2003).

Thus, increase in La and (Ca*'i) concentrations
may serve as a signal for cessation of oxidative
processes, reduction in metabolic activity of the
major cellular energy producers — Mt, and their

restructuring.

Mitochondria and their role in regulating

metabolic status of a cell.

Mt are very dynamic organelles. They change
the state of the inner membrane, -cristae,and
morphology of the network depending on the energy
state of the cell, actively reproduce and migrate
inside the cytosol (Schifer & Reichert 2009).
Currently, bacterial origin of Mt is practically
undoubted (Kurland & Andersson 2000; Dyall,
Brown, & Johnson 2004). Perhaps, the original
ancestors of Mt were parasitic organisms. Very
similar in properties and metabolism, parasitic
cellular aerobic bacteria Wolbachia, the closest
relatives of Mt, are being studied (Oehler, Bourtzis,
& International 2011). Unlike Mt, Wolbachia have
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their own glycolysis gene, so they are not
completely dependent on the host cell under hypoxic
conditions, whereas Mt become vulnerable in

oxygen depleted environment.

Based on the fact that, in critical conditions, the
most ancient defense mechanisms awake (Orbeli
1949), a defense response of bacterial type can be
expected from Mt in unfavorable conditions. Under
normal conditions, during the Mt life cycle, a
mitochondrial permeability transition pore (MTP)
opens and closes on their inner membrane,
depending on Ca?* dynamics (Petronilli ef al. 1999).
MTP can assume a low-conductivity or a high-
conductivity state (Savina 1992). In animals in the
state of hibernation, mitochondrial pore is open in
the low-conductivity state (Savina 1992). However,
in cells of non- hibernating animals, hypoxia-
induced disappearance of inter membrane potential
leads to opening of MPT in the high-conductivity
state and to release of pro-apoptotic proteins from
the inner membrane of Mt. This in turn leads to
destruction of the outer “host” membrane and
apoptosis (Broker, Kruyt, & Giaccone 2005). Such a
mechanism of aggressive impact by the parasitic
bacteria on the host cells via release of specific
substances has many analogues in the world of

protozoa (Bassler & Losick 2006).

It should be highlighted how remarkable the
process of apoptosis is. Studies of apoptosis at the
ultra-structural level demonstrate that one of the first
ultra-structural signs of apoptosis in the cells is
fragmentation of Mt inside the outer membrane,
while release of caspases occurs after rearranging of
Mt cristae into separate compartments. Only after
these transformations, swelling of Mt and release of
caspases are observed (Sun et al. 2007), which may
point to initial transformation of Mt inside of the
outer membrane and subsequent dissolution of the

outer membrane. The next step in the transformation

of Mt is their condensation into very small electron-
dense organelles (Goyal et al. 2007) with closely
packed lamellar structures (Saprunova 2008). Such
tiny ultra condensed Mt are found in cells under
anoxic conditions (Plattner et al.  1970;

Solodovnikova et al. 2006).

In experiments dealing with introduction of
strong cellular protective agents that block
apoptosis, or with the use of mitochondrial toxins,
an unusual picture was observed — complete
disappearance of Mt (Xue, Fletcher, & Tolkovsky
2001). Many small oval or round electron-dense
structures surrounded by a single-layer membrane
was noted in the cytoplasm. Internally, these
structures were composed of densely packed
membranes (Lyamzaev et al 2008). Upon
incubation of the “free of Mt” cells in a solution
without mitochondrial poisons, there was complete
restoration of the mitochondrial cellular apparatus,
even superior to that prior to poisonous exposure

(Saprunova 2008).

Under stressful conditions, most bacteria, both
aerobic and anaerobic, form special dormant forms.
One of such forms is an endospore. In each of the
bacterial cells, a single endospore is usually formed,
however, ability of some bacteria to form several
spores inside a primary bacterial cells has been
discovered (Siunov et al. 1999). Interestingly, the
genetic material does not pass into an endospore in
its entirety. Upon formation of the spore, destruction
(lysis) of the “parent” cell wall occurs, and the spore
is released into the medium (Gusev & Mineeva
1985). The process of sporulation is reversible
during most stages. It can be stopped by substances
which inhibit protein synthesis, such as antibiotics
(Fajardo-Cavazos & Nicholson 2006). It is possible
that ultra-condensed Mt represent exactly these

dormant forms. It is not excluded that apoptosis is
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not the mechanism of cell’s “suicide”, but the

mechanism of Mt self-preservation.

On the other hand, in animals during hibernation,
the opposite changes are observed. Mt coalesce into
extended structures - the “giant” Mt with condensed
matrix. A specific mitochondrial network is formed.
In Mt isolated from the liver of hibernating animals,
such a state did not change in response to incubation
at elevated temperature and concentration of energy
substrate (Brustovetsky et al. 1993b). However, Ca*"
-dependent activation of respiration of Mt in
hepatocytes of a hibernating animal causes swelling
of the organelles and increase in respiration
(Brustovetsky, Egorova, & Gnutov 1993a), which
points to both morphologic and metabolic
restructuring of the Mt during hibernation. “Giant”
aggregated Mt are very characteristic for the tissue
cells of animals both during hibernation and under
conditions of hypoxia and hypothermia (Yamada
1968; Vartapetian et al. 2003). It is particularly
noted that the process of Mt coalescence consists of
two stages. The outer membranes merge first. This
merge occurs even in conditions of Mt isolation
from the cell, which may confirm the ability of Mt
to synthesize substances able to dissolve the outer
“host” membrane. During the next stage, Mt merge
the inner membranes, yielding a unified Mt
(Hoppins et al. 2009). Le., the process goes in the
opposite direction as compared with the changes
taking place in apoptosis. Of note, some single-
celled organisms are also able to form colonies

within a common mucous membrane (Kirk 2005).

Most likely, concurrent synchronization of the
inner membrane potential (Kurz et al. 2010) can
facilitate the merging process and synchronization
of energy supply among all cellular Mt under
conditions of reduction of metabolic processes
throughout the cell, as well as boosting Mt’s ability

to transfer information within and between cells.
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Adaptive changes in Mt are aimed at minimal
energy use and are easily reversible, allowing for
transition from one physiologic state to another,
which is observed even in isolated Mt (Hackenbrock

1966).

All “behavior” of Mt suggests that, in critical
situations, they are able to ‘“take care of
themselves”. Mt are able to release fragments of
their DNA into the cytosol when the pore is open,
providing for synthesis of essential proteins
(Patrushev et al. 2004), and replication of
mitochondrial DNA is not inhibited even by
irradiation, unlike nuclear DNA (Cleaver 1992).

The level of oxygen consumption by Mt during
hibernation can be reduced by more than 80%
(Kayes et al. 2009). However, in organisms
incapable of hypobiosis, ischemia and hypoxia
cause a dramatic increase in formation of reactive
oxygen species (ROS) in Mt with disruption of the
respiratory chain and oxidative phosphorylation.
The rate of ROS production is directly dependent on
the degree of respiratory chain blockade
(Belenichev, Cherniy, & Kolesnik 2009). lLe.,
absence of a mechanism of coordinated reduction of

metabolic function in a cell and Mt is suggested.

Nevertheless, regulation of stress dysfunction of
Mt does exist by effects of various substances,
including regulatory peptides isolated from resistant
to stress animals from widely separated
phylogenetic groups (Turdyev et al. 1984). This
suggests existence of biologically common specific
cellular mechanisms responsible for  stress

endurance.

If the activity of the biochemical reactions
catalyzed by enzymes and comprising the metabolic
status of an organism is relatively independent of
temperature (Hochachka & Somero 2002), the noted

difference in enzymatic activity in the mitochondrial
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membrane between active and hibernating animals
may be related to the physical state of the
membranes. Reduction in energy metabolism is
accompanied by decrease in membrane permeability
(Politoff, Socolar, & Loewenstein 1969). In
homeothermic animals capable to hibernation,
properties of the mitochondrial membranes during
hibernation were similar to those of poikilotherms

(Lyons & Raison 1970; Raison ef al. 1971).

Protective properties of membranes during

hibernation.

All cell membranes possess the property of
phase transition from a “liquid” to a “solid” state.
Phase transition of membrane lipids is a particularly
important functional and adaptive property (Hazel
1995). This transition in itself induces a change in
the enzymatic activity of proteins (Hazel &
Williams 1990). Such changes are quite reversible in
stress-resistant and capable of hibernation organisms

(Azzam, Hallenbeck, & Kachar 2000).

The temperature which causes phase transition
may be raised or lowered, depending on the
characteristics of substances which interact with the
membranes (Xii ef al. 1983). Increasing Ca**
concentrations can lead to increase in the
temperature of phase transition, pH changes can also
initiate phase transition (Pollack & Chin 2008). At
the same time, substances with anesthetic properties
lower the temperature of phase transition (Heimburg
& Jackson 2007; Blicher et al. 2009). Thus, phase
transition of cell membranes may facilitate changes
in ion permeability, activity of enzyme systems,
isolation and “conservation” of the cell. However,
cell preparation to implementation of this transition,
the temperature of the transition, and
synchronization of timing of the transition in
different parts of the membrane must play critical

roles in ensuring preservation of cellular structures

and reversibility of the process. It is known that the
temperature of phase transition depends on the fatty
acid composition of the membranes. Saturated fatty
acids differ from unsaturated ones by higher melting
points, while unsaturated fatty acids may reduce the
temperature of the transition and ensure “fluidity” of
the membranes. Membranes contain both types of
fatty acids and changes in their composition alter
physical properties of the membranes (Rawicz et al.
2000). It is assumed that fatty acid composition of
membrane lipids, rather than the phase transition
itself, determines cells tolerance to low temperature
stress (James et al. 1972). In stress-tolerant
organisms and those most resistant to low
temperature, cells are able to modify their
membrane composition during acclimatization and

decrease in metabolic rate (Crockett 2008).

Fatty acids, mainly unsaturated, in turn serve as
modulators of intracellular signal transfer through
activation or inhibition of Ca*" concentration in the
cell (Dalton, Hughes, & Barritt 1984), which is a
consequence of regulation of permeability of cell
membranes and changes in activity of the enzyme
system. Of particular interest is uncoupling of
respiration and phosphorylation in Mt which is
dependent on threshold increase of fatty acid
concentration. This effect is found in a specific
range of fatty acid concentrations (Vaartjes & Bergh
1978) and may participate in transferring of Mt to

another metabolic level.

The opportunity to modulate fatty acid
composition of the membranes, as an adaptation to
changing environmental conditions, is widely used
by homoiotherms, including bacteria. This process
was called Homeoviscous adaptation (Sinensky

1974).

In animals unable to hibernate, during decline of

body temperature, a sharp increase in the
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permeability of cell membranes and intensification
of lipid peroxidation occurs (Carey, Andrews, &
Martin 2003). In hibernating animals, similarly to
poikiloterms, cells regulate membrane permeability
(Wang et al. 2002). Such regulation is designed to
maintain intracellular processes at a low level, to
maintain the electrochemical potential of the Mt
membranes, maintain membrane permeability to
H* , but to isolate the cell from penetration by
damaging agents.

Role of H" transport in maintaining organism

stability during hibernation

H" transfer is one of the most important
processes occurring in a living cell and ensuring
bioenergetic processes. Uptake and release of Ca®*
by the cell membranes is coupled with uptake and
release of H' . Accordingly, cessation of Ca** uptake
by the cell must be accompanied by cessation of H*
release (Serowy et al. 2003). However, animals in
hibernating  state = demonstrate  significantly
depressed but not completely terminated release of
H* from the cells (St-Pierre, Brand, & Boutilier
2000; Trzcionka et al. 2008), in the background of
absent Ca®" uptake. During hypobiosis, inhibition of
electron transport chain in the Mt is observed, and
release of H" from the Mt matrix decreases
(Boutilier & St-Pierre 2002; Barger et al. 2003), but
the proton conductivity of the inner membrane is not
reduced during the entire period of hypobiosis
(Bishop, St-Pierre, & Brand 2002; Boutilier & St-
Pierre 2002), indicating continuation of metabolic
processes in Mt at a low level. Loss of proton

gradient leads to apoptosis (Kroemer, Dallaporta, &
Resche-Rigon 1998).

Phase changes in membrane lipids, facilitating
transition of a cell into hypometabolic state, are
accompanied by structural changes in the water

layer adjacent to the membrane (Steveninck &
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Ledeboer 1974). Perhaps, restructuring of the juxta-
membrane water layer during the transition of cell
cytoplasm into “gel” state provides for alignment of
the water molecules into specific “chains”
(Decoursey 2003) and is designed to provide instant
lateral movement of H' and, consequently, transfer
of energy and information over long distances. Such
a transfer is carried out along membrane surface by
“hopping” H' via Grotthuss mechanism, i.e. without
direct repositioning of water molecules (Cukierman
2006; Markovitch et al. 2008). This mechanism is
similar to the characteristic mobility of electrons in
Fe*™ /Fe*" and differs in speed which is several
orders of magnitude higher than ion conductivity.
Such a mechanism is widespread in bacteria and
increases the velocity of signal transfer as well as
shortens the “useless” path of H' in the external
volume (Mulkidjanian et al. 2005). There are proven
facts of energy coupling between separate Mt during
their close contact with each other, because inter-
mitochondrial contacts are formed by connecting not
only the outer but the inner membranes of
contacting Mt (Yaguzhinsky & Krasinskaya 1987).
This process can provide unhindered intercellular
transport of H" . Accordingly, while maintaining the
H' current along the membranes within a cell,
between cells, or along the membranes of nerve cells
(Osenniy & Kuryndina 1975), an interconnection
among all cells may continue, supporting integrity
of the organism while minimizing life-sustaining

processes intrinsic to hibernation state.

Under assumption that the mitochondrial
reticulum represents an intracellular transmission
system (Skulachev et al. 2004), specific
morphological changes in Mt typical for animal cells
in hibernation and in hypoxic or hypothermic
conditions can be explained. These changes are

manifested by formation of extended structures — a
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specific mitochondrial network (Brustovetsky et al.

1993b).

In bacteria, a similar mechanism exists for
communication and coordination of activity in a
bacterial community. The mechanism is called
“Quorum sensing”, since a certain “critical” number
of cells in the community is required for its
implementation. Information transfer between
bacterial cells by Quorum sensing may be achieved
in a fraction of a second via electron and H" transfer,
suggesting possibility of electrical connection
between the remote chemical and biological
processes (Nielsen et al. 2010). It can be assumed
that for the mitochondrial network, as a
conglomerate of all Mt within an organism, Quorum
sensing interaction may be intrinsic and may be
carries out via intercellular H" transfer. Perhaps,
during inhibition of the nervous system function
responsible for coordination of metabolism and
communication among cells, this function is taken
on by the congregated mitochondrial network.
Possibly, an analogy exists between mitochondrial
reticulum and film-forming bacteria in which
something similar to primitive homeostasis and
primitive “circulatory system” and metabolic
cooperation are observed, ensuring resistance of
these microbial communities to the damaging effects
which is orders of magnitude greater (Shapiro 1998;
Bassler & Losick 2006). Studies of functional
activity of isolated Mt (B -oxidation of fatty acids)
demonstrated dependency of activity of the process
on the concentration of Mt (Vaartjes & Bergh 1978),
which may explain increase in the number of Mt

under hypoxic and anoxic conditions.

Thus, an analysis of existing evidence leads to
conclusion that, in order to implement the
mechanisms of cryptobiosis, coordinated and
synchronized suppression of metabolic activity of

the Mt and the cell is necessary. Violations of

synchrony and coordination during suppression or
activation of metabolic processes in the cell may

result in pathogenesis.
Cancer cell and “arrest” of Mt

Cancer cell (according to Warburg) is a cell with
mitochondrial dysfunction which exists at the
expense of glycolysis (Warburg 1956), since the
original cancer cells develop in a hypoxic
microenvironment (Gatenby & Gillies 2004;
Marotta et al. 2011). Active glycolysis suppresses
Mt (Warburg 1956; Bayley & Devilee 2010) and
prevents apoptosis (Plas & Thompson 2002). The
property of Mt suppression is possessed by some
glycolytic enzymes, while oncoproteins produced by
tumor cells stimulate increased synthesis of these
enzymes (Kim & Dang 2005). There are
speculations regarding the origin of cancer as an
adaptation to hypoxia resulting from cell’s transition
to glycolytic metabolic pathway and remodeling of
mitochondrial functions (Gatenby & Gillies 2004;
Bonnet et al. 2007). Hyperpolarization of Mt
membranes (Bonnet et al. 2007) observed in cancer
cells may indicate disruption in proton conductivity
and lead to “isolation” of Mt (Potapova 2004).
Indeed, changes in cell membranes lead to
disruption of intercellular contacts noted in cancer
cells and are accompanied by significant reduction
in cell membrane potential (Jamakosmanovi¢ &
Loewenstein 1968; Pointis et al. 2010). Moreover,
disruption of contacts (connexins) may be different;
the level of gap-junction defects varies depending on
the stage of progress of cancerous tumor (Cronier et
al. 2009). At the metastatic stage, intercellular
contacts are absent (Bodenstine et al. 2011). If
intercellular contacts in cancer cells are restored,
tumor growth is inhibited (Leithe et al. 2006). It is
noted that application of bacteria to cancer cells may
restore connexins permeability (Saccheri et al.

2010). Probably, Mt are able to perceive structurally

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 4 2011



similar bacterial signaling molecules and respond to
them by activation of metabolism (Basu et al. 2008).
Thus, hypoxia and subsequent local lactic acidosis
may, with prolonged exposure, “reprogram” cells by
inhibiting oxidative processes in Mt and blocking
apoptosis (Lemasters et al. 1998; Gatenby & Gillies
2004). Inhibition of mitochondrial oxidative
metabolism must be constantly maintained in the
tumor, which may be accomplished by increase in
synthesis of oncoproteins and cytokines in a
growing mass (Viola & Bronte 2007). If oxidative
processes in the Mt were activated, generated ROS
would stimulate apoptosis in the cancer cells
(Strathmann et al. 2010). Experiments with Mt
extracted from the cells of animals during
hibernation are described above. With increases in
temperature and supplies with energy substrates, Mt
have not increased their metabolism (Brustovetsky
et al. 1993b), although sensitivity of the cells to
changes in Ca*" concentration is so high that even a
single spike of (Ca®>* m) causes a complex sequence
of changes aimed at activation of mitochondrial
oxidative metabolism (Robb-Gaspers et al. 1998).
Probably, this particular property and this sensitivity
ensure the ability of animals in hibernation to
respond to the most subtle awakening signals from
the environment. However, in order to implement
such a mechanism, it is necessary to maintain
intercellular contacts. It seems that in the case of
cancerous transformation within a cell, we are
dealing with disruption of onset of the
hypometabolic state when Mt have already passed
all phases of activity reduction, have been
transferred into a metabolic pathway corresponding
to the hypobiotic state, and restructuring of cellular
membranes preventing intercellular interactions
have been carried out, but glycolysis in the cytosol
has not been terminated or reactivated. Accordingly,

two effective methods of influence on the cancer
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cell can be expected: activation (“arousal”) of Mt,
leading the cell to apoptosis (Bonnet et al. 2007), or
inhibition of the metabolic activity — glycolysis
(“sleep”) of a cell, transforming it into the same
hypometabolic state which Mt are in (Allegrucci et
al. 2011). Either method requires the use of specific

signaling substances.
Apoptosis and the “survival instinct” of Mt

In apoptosis under hypoxic conditions, it seems,
there are changes which are opposite to those in a
cancer cell. Short-term initial blockade of the
electron transport chain in Mt is replaced by its
activation. However, due to glycolysis, decrease in
pH and increase in (Ca®" i) are observed in a cell
(Lipton 1999). These changes should accompany
phase transitions of cell membranes, disruption of
their elasticity and permeability, changes in the
colloidal properties of the cytoplasm, which, in turn,
serve as a barrier to locomotor activity and
metabolite exchange in Mt. For Mt, stressful
conditions are created. Perhaps, such a situation
stimulates  activation = of  bacterial  defense
mechanisms in Mt, leading Mt to “sporogenesis”,

release of specific substances which dissolve the

outer membrane, and to cell apoptosis.
Conclusions

On the basis of common metabolic changes that
occur during the transition into hypometabolic state
and in response to critical stress, presence in each
cell of a specific mechanism ensuring transition of
the cell into an autonomic state under conditions
critical for survival can be assumed. However, in
order to activate the tolerant survival strategy at the
cellular level, a specific alteration is necessary,
ensuring decline of functional activity of Mt as well
as of the cell in general. Probably, this strategy has a
genetically determined basis in the form of

coordinated expression of a gene network specific
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for implementation of the tolerant strategy.
Existence of specific signaling substances
functioning in a manner of a “switch” between the
states of the gene network (Kolpakov et al. 1998) is
necessary for such coordination. Most likely, such
substances (“shunters”), due to routinely being in
demand, are continuously present in cells of animals
capable of hibernation and other types of
hypobiosis. Search for these substances and their
investigation is an extremely important area of
research in biology and medicine. Perhaps, such
substances can be formed in the cells of non-
hibernating animals in critical life-threatening
conditions or during training preconditioning.
However, in order to implement the tolerant strategy
for surviving in adverse conditions by non-
hibernating animals, prior preparation and
restructuring on the cellular level as well as on the
level of the whole organism is required. Such
adjustments can often be mistaken for pathologic
multifaceted

manifestations and require

investigation.

If a hypothesis of simultaneous symbiotic and
competitive relationship between the Mt and the cell
is accepted, four possible types of a cell’s state can

be suggested.

Normal functional activity of the cell —
distribution of functions, reciprocal control, active
metabolism and energy exchange among the cell, Mt
and extracellular medium. This state is possible
under conditions of controlled membrane
permeability, colloidal state of the cytoplasm, and

intact motor and communicational activity of Mt.

Apoptosis — under stressful for Mt conditions,
“ancient” bacterial mechanisms are recruited,
facilitating Mt transition into a “spore-like” state,
and, perhaps, reverse reactivation within the cells

that engulf them.

Cancer cell — transition of Mt into
hypometabolic state caused by prolonged hypoxic
conditions. Violation of intercellular and inter-
mitochondrial contacts in the background of
preserved or restored active cellular glycolysis.

Hibernation (Cryptobiosis) — providing a cell
with energy substrates for long-term autonomy and
subsequent metabolic activation, synchronous
decrease in metabolism of the cell and Mt, specific
adjustments of cell membranes retaining
permeability to H' .

Of course, the above listed states are not

absolute; they are flexible and, under -certain

conditions, reversible.
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