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Abstract

Over 80% of the Earth’s surface is exposed to seasonal cold temperatures less than 5.0°C. Ectotherms
implement a variety of strategies to survive seasonal, or permanent, cold exposure. Some of the most
common overwintering strategies are migration, hibernation, and freeze avoiding behavior. However,
freeze tolerance is a minority choice among ectotherms. This strategy permits organisms to survive
between 50.0 to 70.0% of their total body water volumes frozen primarily in extracellular spaces for up to
several months at a time. Freeze tolerant organisms undergo minimal supercooling of their body fluids to
ensure ice formation is slow and produce a wide variety of specific proteins to control the size of ice
crystals forming in the body. Freezing gives rise to severe physiological stressors which must be mitigated
in order to survive freezing and thawing. While freeze tolerance is not fully understood, a growing body of
evidence highlights several core tenants of this complex physiological process. When a non-freeze tolerant
organism freezes, osmotic stress caused by the removal of pure water to form ice crystals in the
extracellular fluid causes cells to shrink. As ice crystals thaw, water is rapidly reintroduced into the
extracellular fluid causing local hypotonicity. Consequently, cells experience a rapid influx of water
molecules, inducing acute cell swelling which progresses and ultimately causes cell lysis which leads to
irreparable damage to an organism’s tissues and organs. Many freeze-tolerant animals combat dehydration
stress by the seasonal accumulation or rapid mobilization at ice-nucleation of colligative cryoprotectants
that diffuse across cell membranes through specific integral transmembrane proteins in order to limit
cellular volume changes. Cope’s gray treefrog, Dryophytes chrysocelis, is a treefrog capable of freezing
65% of its total body water content for extended periods of time during harsh winter months. This treefrog
is unique because it is the only known freeze-tolerant anuran which mobilizes glycerol as a cryoprotectant.
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Glycerol diffuses moves across cell membranes through integral transmembrane protein channels called
aquaglyceroporins. This thesis presents a comprehensive literature review which focuses primarily on
proposed cellular mechanisms that mitigate dehydration stress caused by the formation of pure ice crystals,
as well as anoxic and oxidative stresses caused by freezing-induced ischemia and subsequent blood
reperfusion during thawing. This thesis also proposes further research to elucidate vital information about
the mechanisms permitting D. chrysoscelis’ freeze tolerance. Finally, the biomedical application of human
organ and tissue cryopreservation is discussed, and an argument is presented that glycerol may be a
superior cryoprotectant to use in future cryopreservation studies.
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I. Introduction

Cold weather exposes organisms to severe physiological stressors that must be
mitigated with naturally developed mechanisms. Surviving in the cold must be a priority
for many organisms as more than 80% of the Earth’s surface is exposed to seasonal
and/or permanent temperatures of less than 5°C (Maayer, 2014). Ectothermic animals
survive cold temperatures by utilizing behavioral avoidance, freeze avoidance, or freeze
tolerance — the general tenants of these behaviors are shown in Figure 1 (Semme, 1999;
Storey, 2006; Voituron et al., 2009; Lee, 2010; Storey & Storey, 2017; Toxopeus, 2018).
Behavioral avoidance requires an organism taking action to avoid prolonged cold
exposure by migrating, hibernating, or burrowing (Storey & Storey, 2017; Toxopeus,
2018), while freeze avoidance involves an organisms’ mechanistic reaction to sensing
cold temperatures which may include: supercooling, cryoprotective dehydration, and
vitrification (depressing freezing point of body fluids, removing water available for
freezing, and modifying body fluid composition to prevent ice crystallization
respectively; Storey, 2006; Elinsky et al., 2008; Sformo et al., 2010; Storey & Storey,
2017; Toxopeus, 2018). While behavioral and freeze avoidance tend to be common to
ectotherms, freeze tolerance is a minority choice for ectotherm overwintering (Storey &
Storey, 2017).

Freeze tolerance has been observed across many species of microbes, insects,
intertidal invertebrates, small soil invertebrates, as well as vertebrate amphibians and
reptiles and involves an organism freezing around 50-70% of its total body water volume
primarily in extracellular spaces for up to several months at a time (Storey, 2006;

Maayer, 2014; Storey & Storey, 2017; Toxopeus, 2018). Freeze tolerance is a complex,
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and integrated, physiological survival strategy that varies among species and, to date, is
not fully understood. When frozen, an organism has no respiration or cardiopulmonary
function, voluntary muscle movement, transmembrane transport, immeasurable nerve
conductance, and experiences hypometabolism (Lee, 2010; Storey & Storey, 2017;
Toxopeus, 2018). Freezing also exposes organisms to severe physiological stress
including dehydration, hypoxia/anoxia, ischemia, osmotic stress, reduced enzyme
activity, increased gas solubility, increased oxidative stress, and impaired cell-cell
signaling (Storey & Storey, 2017). Non-freeze tolerant animals die if they freeze, as
severe osmotic stress associated with ice formation and thawing cause irreparable tissue
damage — shown in Figure 2a (Storey, 2006; Voituron et al., 2009; Maayer, 2014; Storey
& Storey, 2017; Toxopeus, 2018). Water freezes in the extracellular fluid (ECF) as pure
ice crystals. Ice crystal growth removes available solvent in solution, causing the
osmolarity of the ECF to increase rapidly, quickly becoming hyperosmotic to nearby
cells (Storey, 1997; Krane, 2007; Costanzo & Lee 2013; do Amaral et al. 2017; Storey &
Storey 2017). In accordance with the principle of osmosis, osmotic pressure pulls water
out of cells’ intracellular fluid (ICF) into the surrounding hyperosmotic extracellular fluid
to maintain equilibrium (Storey, 1997; Krane, 2007; Costanzo & Lee 2013; do Amaral et
al. 2017; Storey & Storey 2017). The dehydration of cells causes them to shrink, severe
shrinkage may damage a cell’s cytoskeleton or plasma membrane rendering the cell
unviable (Storey, 1997; Krane, 2007; Costanzo & Lee 2013; do Amaral et al. 2017;
Storey & Storey 2017). When ice begins to thaw, the ECF is flooded with pure solvent,
decreasing osmolarity and rapidly becoming hypoosmotic to nearby cells (Storey, 1997;

Krane, 2007; Costanzo & Lee 2013; do Amaral et al. 2017; Storey & Storey 2017).
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Consequently, cells rapidly experience a large influx of water, causing cells to swell
(Storey, 1997; Krane, 2007; Costanzo & Lee 2013; do Amaral et al. 2017; Storey &
Storey 2017). When a cell swells past a critical threshold, the plasma membrane ruptures,
killing the cell (Storey, 1997; Krane, 2007; Costanzo & Lee 2013; do Amaral et al. 2017;
Storey & Storey 2017). Mechanisms to prevent widespread damage from the
compression and lysis of cells by mitigating osmotic stress during freezing and thawing is
clearly a priority in freeze tolerant organisms and has been observed in nearly every
known freeze tolerant organism — shown in Figure 2b (Storey, 1997; Storey, 2006;
Krane, 2007; Voituron et al., 2009; Costanzo & Lee 2013; Maayer et al., 2014; do

Amaral et al. 2017; Storey & Storey 2017).
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I1. Principles of Freeze Tolerance

A. Ice Formation & Management:

While the percentage of total body water sequestered as ice in freeze tolerant
organisms varies (~45-55% in reptiles, ~50-70% in amphibians, up to ~82% in insects),
controlling the rate and location of ice nucleation is integral to surviving freezing and
thawing (Storey, 1997; 2006; Voituron et al., 2009; do Amaral et al., 2017; Storey &
Storey, 2017; Toxopeus, 2018). Freeze-tolerant organisms usually initiate ice formation
at temperatures slightly lower than their body fluid’s normal equilibrium freezing point
(FP) by supercooling body fluids to a supercooling point (SCP) approximately 2-3°C
below the equilibrium FP (Claussen et al., 1990; Storey, 1997; Raymond et al., 2016;
Storey & Storey, 2017). Freezing near the equilibrium FP serves to slow the rate of ice
formation and prevents large instantaneous ice surges, water instantly converted to ice,
giving freeze tolerant organisms a longer time period to implement responses to freezing
(Claussen et al., 1990; Storey, 1997; Raymond et al., 2016; Storey & Storey, 2017).
When wood frogs are frozen at -2.5°C, it takes approximately 1-hour post-nucleation to
confirm freezing, several hours before voluntary muscle movement is lost, and nearly 24
hours before maximal ice content is observed (Storey, 1997; Storey & Storey, 2017).
Freeze tolerant organisms’ SCPs are varied and dependent upon the individual’s
physiology and environmental climate, asi  nsect SPCs can range from -1°C
(Chymomyza costata larvae) to as low as -54°C (Pytho deplanatus, Alpine Beetles) and
reptiles have been observed to supercool down to -15°C (Ring,  1982; Costanzo et al.,
1998; Baker et al., 2003; Storey, 2006; Kostal et al., 2011; Toxopeus, 2018). Extensive

supercooling can also be a hinderance to surviving freezing, as it exposes organisms to
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the risk of lethal instantaneous ice formation (Claussen et al., 1990; Storey, 1997,
Raymond et al., 2016; Storey & Storey, 2017). This process is exemplified in the chorus
frog P. triseriata; when ice nucleation is initiated between -1 & -2°C, the frogs show
100% survival rate, but when ice nucleation begins around -6°C, a 0% survival rate is
observed (Swanson et al., 1996). It is clear that freeze tolerant organisms need to control
the rate of ice formation, partially accomplished through equilibrating to an SCP only a
few degrees (Celsius), below the normal equilibrium FP, to allow ample time to
implement physiological responses to freezing. Controlling the rate of formation also
allows a freeze tolerant organism to control the location of ice within the body.

Ice nucleation is triggered in three ways: an organism contacts environmental ice
(inoculating body fluids across an epithelial layer - usually skin), epithelial contact with
nonspecific ice-nucleating agents (often produced by microbes in gut or on skin), or
through specific action of ice-nucleating proteins synthesized by the organism (Storey &
Storey, 2017). Ice-nucleating agents (INAs) are any agent which promotes formation of
ice crystals; including dust, minerals, proteins, and macromolecules, INAs are not
specifically produced by an organism to initiate freezing (Duman, 2001; Costanzo et al.,
2004). Freeze avoiding organisms commonly sequester INAs in intracellular vesicles and
organelles during cold hardening or excrete them in feces or urine to prevent freezing
(Duman, 2001; Storey & Storey, 2017). However, it is commonplace for freeze tolerant
organisms to utilize INAs to trigger freezing, a few examples found in freeze tolerant
animals include gut and skin bacteria, some blood proteins, and stored mineral crystals
(Duman, 2001; Storey & Storey, 2017). Ice nucleating proteins (INPs) are specifically

synthesized by an organism to promote regulated ice formation in freeze tolerant animals
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(Davies, 2014; Duman, 2015; Storey & Storey, 2017). Accumulating INAs and INPs
allow freeze tolerant organisms to form ice crystals within their bodies at high subzero
temperatures (Storey & Storey, 2017). The presence of these two types of ice nucleators
give freeze tolerant organisms the capacity to maintain their SCP slightly below the
equilibrium FP of their body fluid and freeze in a slow and organized fashion. In contrast,
freeze avoidant animals that survive subzero temperatures at a low SCP accumulate
antifreeze proteins (AFPs) that prevent ice crystals from growing larger than microscopic
in size and limiting exposure to INAs (by sequestering in cells or excreting in waste) to
minimize the risk of lethal instantaneous ice formation. AFPs have been identified in
many cold-water marine fish as well as a diverse set of freeze-avoiding terrestrial insects
but have never been identified in cold-hardy amphibians or reptiles to date (DeVries,
1971; Duman, 2001; Fletcher, 2001; Davies, 2014; Duman, 2014; Storey & Storey,
2017). Controlling ice nucleation in a slow ordered pattern via INPs and INAs at high
subzero temperatures gives freeze tolerant organisms more time to implement a
coordinated response to freezing to minimize cell damage. Cell damage is most directly
minimized by ice formation exclusively in the ECF (Wharton & Ferns, 1995; Sinclair &
Renault, 2010; Ali & Wharton, 2014; Raymond & Wharton, 2016; Storey & Storey,
2017). Ice almost always forms in the extracellular spaces of freeze tolerant organisms,
the only know exceptions are a few Insects including Cephus cinctus wasp larvae;
Celatoblatta quiqguemaculata nymphs and some nematodes (Panagrolaimus sp.) under
specific conditions (Salt, 1961; Wharton & Ferns, 1995; Sinclair & Wharton, 1997,
Sinclair & Renault, 2010; Ali & Wharton, 2014; Storey & Storey, 2017). Intracellular ice

formation may damage the cytoskeleton, plasma membrane, and any organelles within a
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cell if crystals grow too large (Wharton & Ferns, 1995; Sinclair & Renault, 2010; Ali &
Wharton, 2014; Raymond & Wharton, 2016; Storey & Storey, 2017). As previously
mentioned, freeze-avoidant organisms minimize INA exposure to prevent nucleation and
accumulate AFPs to keep ice crystals microscopic. However, freeze tolerant organisms
use many complex mechanisms to prevent cytosolic ice formation including membrane
adaptations and osmoregulation which promote ice nucleation in the ECF, and minimize
the risk of ice propagation into cytosol.

B. Dynamic Osmoregulation:

The formation of pure ice crystals exclusively in the ECF poses unique challenges
to freeze tolerant organisms that must be mitigated to ensure survival of freezing and
thawing (Storey, 1995; 2006; Krane, 2007; Storey & Storey, 2017; do Amaral, 2018). Ice
crystal formation consequently increases the osmolarity of the ECF as the amount of
available solvent decreases against a fixed quantity of solutes in solution (Storey, 1997).
Dictated by the principles of osmosis, water effluxes out of cells into the hyperosmotic
ECF in an attempt to equilibrate the osmolarity of both fluid volumes (Storey, 1997;
Krane, 2007; Costanzo & Lee 2013; Storey & Storey 2017; do Amaral et al. 2018).
Congruent with the colligative property of freezing point depression, increasing the
osmolarity of a fluid will invariably decrease its FP. As a freeze proceeds, the osmolarity
of both the ECF and ICF increase in tandem until the FP of the ICF is equal to the current
temperature of the organism’s body ([FPicr = Trody|Storey, 1997; Krane, 2007; Costanzo
& Lee 2013; Storey & Storey 2017; do Amaral et al. 2018). Therefore, the percentage of
total body water that freezes in an organism depends upon the temperature of the

environment, and quantity of solute held in both the ECF and ICF. The osmotic forces
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associated with freezing and thawing directly change cell volume (Storey, 1997; Krane,
2007; Storey & Storey 2017; do Amaral et al. 2018). The loss of water from the ICF
occurring in response to a freeze causes cells and organs throughout an animal’s body to
shrink (Storey, 1997; Krane, 2007; Storey & Storey 2017; do Amaral et al. 2018). If a
cell drops below a critical minimum volume, compression may damage the plasma
membrane (preventing the phospholipid bilayer from being a functional barrier post-
thaw) (Lee, 2010; Toxopeus, 2018). On the other hand, the influx of water into cells
associated with ice crystals melting in the ECF causes cells and organs to swell (Storey,
1997; Krane, 2007; Mutyam et al., 2011, do Amaral et al., 2017). If a cell swells past a
critical maximum volume, the plasma membrane may rupture (cell lysis) (Storey, 1997;
Toxopeus 2018). The cytoskeleton structure within a cell may also be damaged by
significant cell compression or expansion, as well as increased ionic strength within the
ICF resulting from dehydration (Harrison, 2001; Orrenius et al., 2003; Zachariassen et
al., 2004; Teets et al., 2013; Storey & Storey, 2013; Toxopeus, 2018).

Increased ionic strength caused by loss of available solvent during freezing poses
additional challenges to freeze-tolerant organisms (Lee, 2010; Toxopeus, 2018).
Increasing the concentration of hydrogen cations in vivo will lower the pH of an
organism’s body fluids which may denature proteins, decrease enzyme activity, and even
disrupt mitochondrial function (Harrison, 2001; Toxopeus, 2018). Increasing the
concentration of calcium ions can disrupt concentration-dependent cell signaling, and
even activate unfavorable cellular processes like apoptosis (Orrenius et al., 2003; Teets et
al., 2013; Toxopeus, 2018). Increasing ferrous ion concentration can facilitate the

formation of reactive oxidative species (ROS) causing oxidative stress (Storey & Storey,
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2013; Toxopeus, 2018). High concentrations of trace metals (i.e., copper & magnesium)
may lead to cytotoxicity (Zachariassen et al., 2004; Toxopeus, 2018). High
concentrations of extracellular potassium ions (Hyperkalemia) can cause impaired muscle
function as well as compromised nerve conductance in many vertebrates (MacMillan et
al., 2014; Toxopeus, 2018). Therefore, to prevent irreparable tissue damage and death
during freezing and thawing, freeze-tolerant organisms must control the percentage of
total body water that is sequestered during freezing and limit changes in cell volume
during both processes (Storey, 1997; Storey, 2006; Krane, 2007; Voituron et al., 2009;
Costanzo & Lee 2013; Maayer et al., 2014; do Amaral et al. 2017; Storey & Storey
2017). The most direct mechanistic way of limiting cell volume change is by mitigating
the severe osmotic stress associated with freezing and thawing through dynamic
osmoregulation.

Freeze tolerant organisms have adapted vast and varied mechanisms of dynamic
osmoregulation to prevent drastic changes in cell volume during a freeze-thaw cycle. One
of the most important, and well characterized, adaptations of freeze tolerance is the
utilization of low molecular weight metabolites called cryoprotectants (Storey, 1997).
There are two general types of cryoprotectants which aid freeze tolerance in unique ways
(Storey, 1997). The first category is the colligative cryoprotectants (and will be the main
focus of this section) that are accumulated at high concentrations, ranging from 0.2 to 2
M, reduce the percentage of water that freezes in the ECF, preventing a critical reduction
in cellular volume during freezing by increasing the osmolarity of body fluids (Storey,
1997). The second category includes membrane protectants that are accumulated at low

concentrations, typically less than 0.2 M, and interact directly with the plasma membrane
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(Storey, 1997). Membrane protectants stabilize the phospholipid bilayer and maintain
membrane fluidity (prevent an irreversible transition to the solid, or gel, state) when the
cell 1s compressed due to volume reduction during freezing (Storey, 1997). Trehalose and
proline are the two most common membrane protectants. Both have been extensively
studied and confirmed to interact directly with the polar heads of membrane lipids to
stabilize the bilayer (Rudolph & Crowe, 1985; Crowe et al., 1987; Storey, 1997).
Elevated levels of trehalose and proline have been consistently observed in freeze tolerant
insects during the winter. Proline is also a common major intracellular free amino acid in
marine invertebrates and its concentration can be changed rapidly in response to osmotic
stress. In fact, several common intracellular osmolytes (including free amino acids)
accumulated by marine invertebrates have been observed to function as membrane
protectants (Loomis et al., 1989; Storey, 1997).

Cryoprotectants may be accumulated seasonally as part of a cold acclimation
phase or mobilized rapidly at the onset of freezing (not mutually exclusive) and are
utilized by most freeze-tolerant insects and amphibians (Storey, 2017). Notably, the use
of cryoprotectants is poorly developed in reptiles, as current research indicates that
reptiles do not utilize osmolytes as cryoprotectants during cold acclimation or freezing.
Seasonal lactate accumulation ranging from 2 to 10mM in blood plasma was observed in
the freeze-tolerant reptile species C. picta, E. blandingii, and M. terrapin and was
previously hypothesized to function as a cryoprotectant (Storey et al., 1988; Churchill &
Storey, 1991; Churchill & Storey, 1992; Storey et al., 1993; Hartley et al., 2000;
Costanzo et al., 2001; Baker et al., 2003; Costanzo et al., 2004; Dinkelacker et al., 2005;

Storey, 2006). However, further studies disproved this hypothesis and found that lactate
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conferred no protective effect in these animals. Furthermore, there is no evidence for
enhanced metabolite production for cryoprotection in any freeze-tolerant reptile species;
nor does plasma osmolality change seasonally, with cold acclimation, or in response to
freezing (Storey et al., 1993; Costanzo et al., 2004; Storey et al., 2004; Voituron et al.,
2004; Storey, 2006). This observation, though important, does not invalidate the integral
role cryoprotectants serve in freeze tolerance as reptiles appear to be the outlier when
considering all freeze tolerant organisms, especially insects and amphibians.

The most commonly occurring natural colligative cryoprotectants are carbohydrates in
terrestrial animals (Storey, 1997; Storey & Storey, 2017; Toxopeus, 2018). Carbohydrate
cryoprotectants are derived from large glycogen reserves which are accumulated during
feeding in late summer and early autumn (Costanzo & Lee, 1993; Jackson & Ultsch,
2010; Storey & Storey, 2017; Toxopeus, 2018). Glycogen is stored in the liver of frogs
and fat bodies of insects and may be catabolized gradually during a cold acclimation
period and retained in cytosol and blood plasma or rapidly at the onset of ice nucleation
(Costanzo & Lee, 1993; Storey, 1997; Krane, 2007; Jackson & Ultsch, 2010; Mutyam et
al., 2011; Storey & Storey, 2017; Toxopeus, 2018). Glycerol, a polyhydric alcohol
derivative of glucose and triacylglycerols (TAGs), is the most common cryoprotectant
among insects and is produced in both freeze-tolerant and freeze-avoidant species
(Storey, 1997; Toxopeus, 2018). Glycerol is accumulated at high concentrations in
insects, Pyrrharctica Isabella, for example, accumulates over 800mM of glycerol in the
haemolymph (invertebrate analog of blood; Marshall & Sinclair, 2011). Some insect
species utilize other polyhydric alcohols (including sorbitol, ribitol, erythritol, threitol,

and ethylene glycol), amino acids (proline, arginine) and the disaccharides trehalose and
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sucrose in a few instances (Storey, 1997; Toxopeus, 2018). For example, Hemideina
maori may accumulate up to 300 mM trehalose in haemolymph, and exposure to high
concentrations of proline and arginine in vivo increased the freeze tolerance of
Chymomyza costata and even conferred freeze tolerance to Drosophila melanogaster
(Neufeld & Leader, 1998; Kostal et al., 2011; 2012; 2016). Many species accumulate two
or more cryoprotectants, the most common pairing observed in insects is glycerol and
sorbitol. Studies of Eurosta solidaginis (gall fly) larvae and Bombyx mori (silkmoth) eggs
imply differential cryoprotective roles of glycerol and sorbitol when used as a pair based
upon the observation of independent periods, and rates, of synthesis and accumulation in
these freeze tolerant insects (Storey, 1997). Freeze-tolerant bacteria (extremophilic
psychrophiles) and freeze-avoidant mesophilic and extremophilic bacteria also utilize
carbohydrates, polyhydric alcohols, and amino acids as cryoprotectants. Although
different from insects, the most commonly observed cryoprotectants in bacteria include
sucrose, mannitol, glycine, and betaine (Chattopadhyay, 2006; Maayer, 2014). Trehalose
is also observed to be the primary cryoprotectant in E. coli (Chattopadhyay, 2006;
Maayer, 2014). Although there are seemingly endless metabolites used as
cryoprotectants, glycerol is one of the most popular natural cryoprotectant molecules
because it is highly soluble, nontoxic, extremely compatible with central metabolic
pathways, yields two osmotically active molecules from one glycogen hexose subunit,
and shows optimal conversion efficiency (carbon dioxide is not lost unlike in the
biosynthesis of C2, C4, or C5 polyolys; Storey & Storey, 1992; Storey, 1997; Layne,

1999; Irwin & Lee, 2003; Layne & Stapleton, 2009; do Amaral et al., 2018; Toxopeus,
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2018). Although, in-spite of its favorability, glycerol is sparsely utilized as a
cryoprotectant by only a few amphibian species.

The salamander S. keyserlingii as well as the hylid family of frogs (studied in the
recently named Dryophytes genus) are the only known amphibians that produce glycerol
as a cryoprotectant (Berman et al., 1984; Storey & Storey, 1985; 1986; Storey, 1997;
Krane, 2007; Mutyam et al., 2011; Storey & Storey, 2017; do Amaral et al., 2018).
Glucose and urea tend to be much more commonly used as cryoprotectants in
amphibians. Glucose is produced rapidly at the initiation of freezing from liver glycogen
stores and distributed from the liver into blood plasma and other organs (Storey, 1987;
1997; Rosendale et al., 2014; Storey & Storey; 2017). The process of freeze dependent
glucose mobilization has been well characterized in the Rana and Pseudacris frog
species. Urea, on the other hand, is not synthesized as a direct response to freezing,
instead it accumulates as part of a widely developed dehydration response common to
many amphibian species (Costanzo et al., 2008; 2008; 2013; Storey & Storey, 2017).
Urea has been repeatedly observed to accumulate throughout the year as hibernation sites
begin to dry (Hillman et al., 2009; Navas, 2010; Storey & Storey, 2017). To combat
water loss and dehydration stresses, amphibians synthesize and circulate urea to increase
body fluid osmolarity to slow the loss of water from the body and promote the uptake of
water from the soil through the skin (Storey, 1997; Costanzo et al., 2008; 2008; Hillman
et al., 2009; Navas, 2010; Costanzo et al., 2013; Storey & Storey, 2017; Mutyam et al.,
2018). This mechanism has been identified in toads and frogs that estivate underground
(or spend long, dormant, periods underground), as well as freeze-tolerant frogs (Storey,

1997; Costanzo et al., 2008; 2008; Hillman et al., 2009; Navas, 2010; Costanzo et al.,
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2013; Storey & Storey, 2017; Mutyam et al., 2018). Freeze-tolerant Alaskan wood frogs
showed significant accumulation of urea during cold acclimation periods in late autumn
that increased from ~10 to ~86 umol/mL in blood plasma, and further enhanced
acclimation levels under drying conditions (up to ~ 187 pmol/mL; Costanzo et al., 2013).
But when frozen for 48 hours, only frog liver showed significant increases in urea
concentration (~ 114 to 157 umol/mL; Costanzo et al., 2013). The production and
seasonal accumulation of cryoprotectants alone is not enough to confer freeze-tolerance
to an organism. Cryoprotectants produced in liver cells, hepatocytes, need to be
circulated throughout the entire body of an organism to increase the osmolarity in all
organs, tissues, and blood plasma. Since these colligative cryoprotectants are by
definition polar and hydrophilic, they cannot readily diffuse across the semipermeable
plasma membranes surrounding every cell in the body. Therefore, a freeze tolerant
organism needs to utilize a quick but energetically favorable method to distribute
cryoprotectants before freezing causes ischemia.

This problem is mitigated by the presence of integral transmembrane transport
and carrier proteins which allow the transmembrane flux of cryoprotectants. The most
important classes of transmembrane proteins related to cryoprotectant diffusion in vivo
characterized in freeze-tolerant vertebrates and focused on in this review include
aquaporins, aquaglyceroporins, glucose transporters, and facultative urea transporters.

Aquaporins (AQPs) are highly specific integral transmembrane channel proteins
that allow for the facilitated diffusion of water across cell membranes (Krane, 2007).
Maintaining fluid homeostasis is imperative for all life processes, not just surviving a

freeze/thaw cycle (Krane, 2007). While the osmotically driven transmembrane simple



Page |15

diffusion of water molecules through the phospholipid bilayer can occur, the process is
slow (Krane, 2007). Mammals and amphibians require precise regulation of water, and
ion, movement that allows rapid diffusion during processes such as secretion and
reabsorption (Krane, 2007). The presence of AQPs in cell membranes increase the
permeability of the phospholipid bilayer to water, allowing for a more rapid diffusion rate
while decreasing the time necessary for two separate fluid volumes to equilibrate their net
concentrations in vivo (Preston & Agre, 1991; Preston et al., 1992; Krane, 2007).
Aquaglyceroporins (GLPs), are an additional subset of the selective MIP superfamily of
integral transmembrane protein channels that allow the facilitated diffusion of glycerol,
urea, and other small molecules in addition to water (Hara-Chikuma & Verkman, 2006;
Krane, 2007). GLPs are presumed to be crucial in conferring freeze-tolerance to
vertebrates that utilize glycerol as a cryoprotectant, as they may allow for the facilitated
diffusion of glycerol, and potentially urea, throughout various tissues of an animal
(Schmid, 1982; Storey & Storey, 1985; Costanzo et al., 1992; Layne & Jones, 2001;
Irwin & Lee, 2003; Krane, 2007; Zimmerman et al., 2007; Mutyam et al., 2011; do
Amaral et al., 2017; do Amaral et al., 2020). Specifically, AQPs and GLPs are
hypothesized to play a vital role in conferring freeze-tolerance to Cope’s gray treefrog,
Dryophytes chrysoscelis. The history, structure, function, and classifications of AQPs and
GLPs, as well as their hypothesized role in anuran freeze-tolerance, will be discussed in
greater detail in further sections of this review. While the AQP family of channel
proteins are extremely important for allowing rapid osmoregulation during freezing or
thawing, animals that utilize glucose as a primary cryoprotectant must depend on an

entirely different protein.
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In vertebrates, glucose moves across cell membranes through carrier-mediated
facilitated diffusion. These glucose-specific carrier proteins are classified as the glucose
transporter (GLUT) family. These proteins were first identified in humans (Mueckler et
al., 1985), and there are now 14 unique GLUT protein isoforms characterized in
mammals (Thorens & Mueckler, 2010). GLUT proteins have been further identified in
fish, birds, and amphibians (Wang et al., 1994; Castillo et al., 2009; Rosendale, 2014).
This protein family plays an important role in maintaining glucose homeostasis in all
vertebrate species, especially during exposure to hypoxia and dehydration stress. During
hypoxia, the abundance of GLUT protein is regulated to promote glycolysis, providing an
organism metabolic energy and preventing hypoxic injury (Bunn & Poyton, 1996; Lin et
al., 2000). Dehydration, glucose deprivation, hyperosmolarity, and high pH are all known
to elicit a change in GLUT expression (Ismail-beigi, 1993; Vannucci, et al., 1994;
Ramasamy et al., 2001). Although GLUT proteins have been expansively studied in
mammalian stress tolerance, little information is available regarding their role in
amphibians. Recently, there are four well-known proteins in this family identified in
amphibians, and are named GLUT-1, 2, 3, or 4 (Rosendale et al., 2014). The two most
extensively studied family members are GLUT-1 and GLUT-3, these proteins mediate
unidirectional uptake of glucose into cells independent of insulin. GLUT-1 is widely
distributed and expressed in nearly every tissue in amphibians and mammals, while
GLUT-3 is mostly localized to neurons. Conversely, GLUT-4 provides insulin-sensitive
glucose uptake into cells and is often observed to be present in adipose tissues, skeletal
muscle, and the heart. The last family member, GLUT-2, is unique as it allows for the

bidirectional transport of glucose molecules into, or out of, cells. GLUT-2 is almost
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exclusively found in the liver and intestines. It is understood that GLUT-2 is the primary
protein responsible for exporting cryoprotective glucose molecules from the liver into
blood plasma during freezing in amphibians (Rosendale et al., 2014). This protein shows
low-affinity and high-capacity for glucose transport in mammalian and amphibian liver
and has also been observed to increase in abundance in freeze-tolerant wood frogs
collected from Alaska, Canada, and Ohio (Storey & Storey, 2017). Furthermore, changes
in GLUT-2 expression varies in species, population, seasonal and stress-specific
regulatory patterns (Rosendale et al., 2014). The bidirectionality of GLUT-2, also allows
for hepatocytic reuptake of glucose during thawing to reduce blood glucose levels,
mitigating hyperglycemia (Rosendale et al., 2014). Glucose cannot be easily cleared by
the kidneys and is instead converted back into liver glycogen rapidly during and after
thawing. Dynamic regulation of GLUT-2 expression in the plasma membranes of
hepatocytes is crucial to surviving freezing and thawing in organisms which utilize
glucose as a primary cryoprotectant. This protein mediates rapid export of glucose into
blood plasma as it is produced in the liver during freezing. Blood plasma glucose then
circulates throughout the body and enters tissue cells via GLUT-1 or GLUT-3 to increase
the osmolarity of the ICF before freezing causes the cessation of cardiopulmonary
function. Additionally, upon thawing, the exuberant levels of glucose still present in the
blood plasma mostly enter back into the liver through GLUT-2 to be converted to
glycogen (some glucose is excreted in urine), preventing hyperglycemia and associated
cell damage (Storey & Storey, 2017). The dynamic regulation of GLUT-2 allows glucose
to be used as a cryoprotectant without seasonal accumulation (which would prove

dangerous to animals as prolonged hyperglycemia can lead to severe cell damage and
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death), instead liver glycogen stores accumulated during late-summer and early-autumn
feeding are catabolized as an immediate response to freezing (Rosendale et al., 2014).
Liver glycogen-derived glucose cryoprotectants are mostly converted back to glycogen in
the liver during thawing, which allows organisms to maintain sufficient glycogen stores
necessary for surviving multiple freeze/thaw cycles over the winter season. The GLUT
and AQP protein families (including GLP subfamilies) are emphasized heavily in
contemporary vertebrate freeze-tolerance research. However, one family of proteins
specific to urea, a third common amphibian cryoprotectant, has received much less
attention.

Urea accumulates independently from freezing and is associated with a common
amphibian response to dehydration stress. However, freezing exposes animals to
dehydration stressors and urea is ultimately accumulated and confers a cryoprotective
effect in amphibians. Some GLP subtypes have been observed to exhibit permeability to
urea, but if urea permeable GLPs are not expressed in an animal, or abundantly expressed
in plasma membranes, a new problem arises. Urea is able to cross plasma membranes
through facultative urea transporters (UTs), an integral transmembrane glycoprotein
which allows for the diffusion of urea (Klein et al., 2012). This family of proteins was
first identified in mammals and designated the SLC14A protein family (Klein et al.,
2012). Consisting of two subgroups, UT-B (or Slc/4A41) and UT-A (or Slc14A42), UTs are
crucial to the kidney’s ability to concentrate urine. The UT-B protein was first isolated
from mammalian erythrocytes (red blood cells), and to date only two unique isoforms
have been identified (Klein et al., 2012). The UT-B isoforms are present primarily in the

descending vasa recta of the kidney (Klein et al., 2012). Currently 6 distinct UT-A
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isoforms have been characterized, 3 of which are localized to the kidney medulla, 2 in the
inner medullary collecting duct, and 1 is expressed in the thin descending limb of the
kidney (Klein et al., 2012). In amphibians, UTs have been identified in just one toad
species (Bufo marinus) and four Ranid species (R. esculenta, R. sylvatica, R. pipens, & R.
septentrionalis; Couriaud et al., 1999; Konno et al., 2006; Sun et al., 2015; Storey &
Storey, 2017). Exposing the toad UT to the peptide hormone responsible for regulating
various aspects of amphibian water homeostasis (arginine vasotocin) in vitro resulted in
increased urea uptake and protein expression in cells. The ranid UTs are highly conserved
among each other, showing ~95% amino acid similarity, and are substantially expressed
in kidney and bladder, supporting urea reuptake if needed (Rosendale et al., 2014).
Additionally, UT expression was observed in the skin of R. sylvatica and protein levels
have been observed to increase seasonally, as well as in response to experimental
dehydration (Rosendale et al., 2014). More research must be completed to identify
whether additional amphibian species express UT proteins, and their role in dehydration
responses as a potential link to freeze-tolerance. In freeze-tolerant amphibians, polar
colligative cryoprotectants (commonly glucose, urea, and glycerol) may be accumulated
seasonally or produced at the initiation of freezing to increase the osmolarity of body
fluids which, in-turn, causes body fluids to supercool and limits the percentage of total
body water that may freeze in the ECF. These cryoprotectants then diffuse across plasma
membranes facilitated by specific channel or carrier proteins, allowing colligative
molecules to quickly disperse throughout the entire volume of body fluids efficiently
before freezing results in the cessation of cardiopulmonary function. However, this

mechanism is similar to dehydration responses observed across many amphibian species.
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In fact, it is presumed that preexisting mechanisms of dehydration tolerance may have
been adapted through natural selection to support freeze tolerance in amphibians.

It has long been known that amphibians exemplify the best known capacity for
dehydration tolerance among vertebrates and are able to survive losing on average 50-
60% of total body water volumes. Interestingly, the mechanisms that allow for severe
dehydration tolerance include dynamic osmoregulation to slow water loss and promote
water uptake through the skin from surrounding soil. Dehydration responsive
osmoregulation is accomplished by production of colligative molecules such as urea or
other osmolytes paired with the dynamic regulation of AQPs and other transport proteins
in tissue specific manners. Additionally, a seasonal acclimation period has been observed
in toad and frog species as underground estivation sites begin drying during the late-
summer and early-autumn periods. During this acclimation period, amphibians over-feed
to develop extensive liver glycogen stores, kidney function and urine excretion rate is
decreased, urea is gradually accumulated in body fluids, and transport proteins are
increasingly expressed in cell membranes. These characteristics are nearly identical to
physiological changes during cold acclimation in freeze tolerant amphibians. In fact,
several studies observing the physiological responses of some freeze-tolerant amphibians
to severe dehydration provide evidence that the same mechanisms used for a
cryoprotection in response to freezing are utilized in severe cases of dehydration (Storey
& Storey, 1986; 1988; 1992; Costanzo et al., 1993; Voituron et al., 2005; 2009 Higgins et
al., 2013; Costanzo et al., 2015; Storey & Storey, 2017). When exposed to controlled
whole body dehydration stress, the wood frog R. sylvatica and spring peeper P. crucifer

tolerated the loss of ~50-60% of their total body water volumes, nearly identical to the
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percentage of body water converted to extracellular ice during freezing (Churchill &
Storey, 1993; 1994; 1995). It was also found that these two species responded to
dehydration by rapidly mobilizing glucose from liver glycogen, which was subsequently
exported to other organs, and significantly more glucose was mobilized in frogs collected
in autumn than those collected in the spring (Storey & Storey, 1988). A parallel study
investigating the dehydration response of the freeze-intolerant leopard frog R. pipens,
found that exposure to controlled whole body dehydration, resulted in the loss of ~50%
of its total body water volume. Additionally, R. pipens exhibited significant liver
glycogenolysis, and glucose export to organs throughout the body as a dehydration
response (albeit to a lower extent than R. sylvatica and P. crucifer) (Churchill & Storey,
1993; 1994; 1995). Nonetheless, these studies provide evidence that the metabolic
response of mass glucose mobilization from liver glycogen stores is present in both
freeze-tolerant and intolerant amphibians. Many questions still remain regarding the
origin of vertebrate freeze-tolerance and specific adaptations to repurpose pre-existing
mechanisms.

It is generally presumed that pre-existing mechanisms have been adapted to
manage ice formation within the body, as well as the ability to survive the prolonged
cessation, and subsequent reactivation, of vital processes during both freezing and
thawing. The well-developed capacity for ice-formation management and dynamic
osmoregulation observed in, and necessary to, freeze-tolerance may have been adapted
from pre-existing mechanisms of dehydration tolerance. The ability to implement these
mechanisms serve to sequester ice crystals in extracellular spaces, control ice formation

in an ordered and slow manner, limit the total volume of water that freezes in an
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organism, and tolerate multiple potential freeze/thaw cycles over winter months.
However, these adaptations which prevent mechanical and osmotic damage to cells, do
not ensure protection form the dangers associated with ceasing all vital body functions
for prolonged periods of time, or provide a mechanism for restarting body functions in a
coordinated and efficient manner. One potential developmental link may be derived from
the impressive hypoxia and anoxia tolerance observed in freeze-tolerant organisms.

C. Hypoxia/Anoxia Tolerance:

When frozen, organisms are exposed to significant hypoxic (inadequate oxygen
supply) or anoxic (no oxygen supply) conditions resulting from the cessation of vital
body functions and associated ischemia (inadequate blood supply to an organ or body
part) throughout the entire body. Prolonged hypoxia and anoxia interrupt aerobic
metabolism, and the ensuing lack of ATP will cause metabolic damage as all available
blood-bound and cytosolic oxygen molecules are rapidly depleted (Hermis-Lima et al.,
2001; Churchill, 2004; Storey, 2004; 2006). However, the reintroduction of oxygen can
be equally as deadly (Hermis-Lima et al., 2001; Churchill, 2004; Storey, 2004; 2006).
Damage occurring when oxygen becomes rapidly available after a period of ischemia are
called reperfusion injuries (Storey, 2006). These injuries are caused when high levels of
reactive oxidative species (ROS) are formed when an anoxic tissue experiences a large
influx of oxygen (Storey, 2006). A quick burst of ROS in a cell can overwhelm normal
antioxidant defenses and degrade macromolecules or trigger cellular apoptosis
mechanisms (Storey, 2006). A severe lack of oxygen may also cause acidosis resulting
from carbon dioxide levels continually increasing in the blood, without being expired

from the lungs. As predicted by the bicarbonate buffer system, this buildup of carbon
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dioxide will inadvertently increase the concentration of H' ions and decrease blood p