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Molecular Biology of Freezing Tolerance
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ABSTRACT
Winter survival for many kinds of animals involves freeze tolerance, the ability to endure the con-
version of about 65% of total body water into extracellular ice and the consequences that freezing
imposes including interruption of vital processes (e.g., heartbeat and breathing), cell shrinkage,
elevated osmolality, anoxia/ischemia, and potential physical damage from ice. Freeze-tolerant
animals include various terrestrially hibernating amphibians and reptiles, many species of insects,
and numerous other invertebrates inhabiting both terrestrial and intertidal environments. Well-
known strategies of freezing survival include accumulation of low molecular mass carbohydrate
cryoprotectants (e.g., glycerol), use of ice nucleating agents/proteins for controlled triggering
of ice growth and of antifreeze proteins that inhibit ice recrystallization, and good tolerance of
anoxia and dehydration. The present article focuses on more recent advances in our knowledge
of the genes and proteins that support freeze tolerance and the metabolic regulatory mechanisms
involved. Important roles have been identified for aquaporins and transmembrane channels that
move cryoprotectants, heat shock proteins and other chaperones, antioxidant defenses, and
metabolic rate depression. Genome and proteome screening has revealed many new potential
targets that respond to freezing, in particular implicating cytoskeleton remodeling as a necessary
facet of low temperature and/or cell volume adaptation. Key regulatory mechanisms include re-
versible phosphorylation control of metabolic enzymes and microRNA control of gene transcript
expression. These help to remodel metabolism to preserve core functions while suppressing en-
ergy expensive metabolic activities such as the cell cycle. All of these advances are providing a
much more complete picture of life in the frozen state. C© 2013 American Physiological Society.
Compr Physiol 3:1283-1308, 2013.

Introduction
Freeze tolerance is one of the most extreme survival strategies
found in the animal kingdom. Freeze-tolerant animals survive
the winter with a high percentage of their total body water
frozen in extracellular spaces and, as a consequence, with vir-
tually no detectable physiological functions—no heart beat,
no breathing, and no muscle movement. It is an amazing phe-
nomenon and one that has arisen in multiple widely separated
animal groups living at high latitudes or altitudes on Earth.
This includes several frog and turtle species that hibernate on
land, hundreds of terrestrial insect species, and many other
invertebrates in both terrestrial and marine intertidal environ-
ments (the latter including various bivalves, gastropods, and
barnacles) (6, 18, 45, 53, 119, 124, 161, 177, 183, 189, 191,
198, 215, 217).

Freeze tolerance is one of three main mechanisms for ani-
mal survival at temperatures below the freezing point (FP) of
their body fluids; the others are freeze avoidance and cryopro-
tective dehydration. Freeze avoidance is the most widely used
strategy. It builds on the natural tendency for liquids (includ-
ing body fluids) to cool substantially below their equilibrium
FP to a supercooling point (SCP) where freezing can no longer
be resisted. By using antifreeze strategies, organisms can push
FP and SCP to temperatures well below the environmental
temperatures that are naturally experienced by the species
and thereby maintain a liquid state all winter long (235).

For example, many coldwater marine fish seasonally express
antifreeze proteins (AFPs) that lower the FP of their body flu-
ids below −1.86◦C, the FP of 100% seawater, thereby keeping
them from freezing (30, 70). This is especially important for
species that live in close proximity to sea ice that could trigger
inoculative freezing across epithelial surfaces (e.g., skin, gill,
or gut if ice is consumed with food). AFPs affect the FP but not
the melting point (MP, about −0.5◦C) of vertebrate body flu-
ids thereby creating a thermal hysteresis between FP and MP
that is the main diagnostic tool for their detection. Whereas
thermal hysteresis of the blood of saltwater fish is up to 2◦C,
freeze avoiding terrestrial insects have much more power-
ful AFPs (originally called thermal hysteresis proteins and
now often called hyperactive antifreezes) that create a ther-
mal hysteresis of 5◦C or more. They also employ a second
antifreeze strategy—the accumulation extremely high con-
centrations of low molecular mass carbohydrate antifreezes
(e.g., >2 molar glycerol is not uncommon) (58, 61). The
result is that many temperate insects can remain liquid down
to −30 or −40◦C whereas various polar species can endure
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−70◦C or even lower (62, 184). The third mechanism is cry-
oprotective dehydration that consists of extreme whole body
dehydration coupled with high cryoprotectant levels so that
there is virtually no freezable water left in the organism. To
date, this mechanism has been described for numerous soil
microfauna in polar regions (181, 219) and its mechanisms
mirror those used in anhydrobiosis by highly desiccation tol-
erant microfauna elsewhere in the world (40). The focus of the
present article is on freeze tolerance but some of the adaptive
mechanisms used by freeze-tolerant species are common to
two or even all three strategies of cold hardiness and so this
survey of the molecular biology of freeze tolerance will some-
times draw on more detailed studies carried out with model
animals that use either the freeze avoiding or cryoprotective
dehydration strategies.

The Basics of Freeze Tolerance
Although many ectothermic animals can endure brief freez-
ing of a low percentage of their body water, the designation
of freeze tolerance is reserved for animals that survive eco-
logically relevant freezing, typically involving days/weeks of
continuous freezing where equilibrium ice content is reached
and the percentage of total body water converted to ice is
typically over 50%. Indeed, survivable percent ice values are
commonly about 65% and sometimes as high as 70% to 80%
ice (18, 160, 188). Natural freezing survival for almost all
species means endurance of ice formation in extracellular and
extra-organ compartments while defending the liquid state of
the cytoplasm. For example, freeze-tolerant wood frogs accu-
mulate huge masses of ice within the abdominal cavity that
surround greatly shrunken organs and large flat sheets of ice
run between skin and muscle layers on the legs. However, a
few studies have reported survival of intracellular freezing,
notably in the Antarctic nematode Panagrolaimus davida as
well as for individual tissues in some insects (179, 221). In
general, however, intracellular freezing is lethal both in nature
and in biomedical cryopreservation due to ice-mediated phys-
ical damage to intracellular architecture and subcellular com-
partmentation. The growth of ice in extracellular spaces can
also have injurious consequences that must be addressed. Ice
can cause physical injuries to tissues including ice expansion
within capillaries that can burst vessel walls leading to inter-
nal bleeding after thawing. Ice also impedes muscle action so
all physiological activities requiring muscles—not just skele-
tal muscle movements but breathing, heartbeat, etc.—grind
to a halt in the frozen animal. The resulting interruption of
breathing and circulation imposes anoxia and ischemia on
the tissues of the frozen animal. Thus, for the duration of
the freeze, every cell must be able to survive without oxygen
and using only endgenous fermentable fuels. Ice growth in
extracellular compartments also sets up formidable osmotic
challenges for the animal. Ice crystals exclude solutes from
their lattice and, therefore, as the amount of ice increases, so
does the osmolality of remaining extracellular fluids and this

puts a hyperosmotic stress on cells, causing cell dehydration
and shrinkage (Fig. 1).

To deal with the challenges of freezing, freeze-tolerant
animals use a suite of adaptations. Firstly, they take con-
trol over ice formation. The extent to which body fluids can
supercool is reduced during the winter months (i.e., SCPs of
freeze-tolerant species typically rise in the winter, the opposite
of freeze-avoiding species). This allows ice formation to be
triggered at high subzero temperatures where freezing will be
slow and allow organisms sufficient time to adjust both osmot-
ically and metabolically to the growth of ice in extracellular
fluid spaces. Specific ice nucleating proteins (INPs) guide
ice formation in some species whereas in others nucleation
is triggered by nonspecific ice nucleators such as microbes
on the skin. AFPs have also been found in various freeze-
tolerant species but whereas their action in freeze-avoiding
species is to prevent the growth of microscopic ice crystals,
they have an altered role in freeze-tolerant species, acting to
inhibit the recrystallization of ice when freezing is prolonged
and thereby manage crystal size (232). Apart from marine
intertidal species (6), most freeze-tolerant animals also accu-
mulate high levels low molecular mass carbohydrate cryopro-
tectants (mainly polyhydric alcohols and sugars) that are used
to resist the osmotic dehydration of cells as extracellular ice
content rises, maintain a liquid intracellular space, and sta-
bilize membrane bilayer structure against compression stress
as cells shrink (Fig. 1) (61, 190, 235). Freeze tolerance also
involves enhanced mechanisms for water and cryoprotectant
transport across membranes, well-developed anoxia/ischemia
tolerance to sustain viability in the frozen state, and multiple
other adjustments. Various elements of the stress response
are also invoked (e.g., chaperones and antioxidants) (113)
and global metabolic rate depression can also minimize cel-
lular energy needs in the frozen state by inhibiting nonessen-
tial metabolic processes (e.g., cell-cycle suppression)
(13, 198).

Numerous reviews have summarized the species diversity,
ecophysiology of freeze tolerance, parameters of freezing sur-
vival (e.g., time, temperatures, and % ice endured), patterns
and triggers of winter cold hardening, types of cryoprotec-
tants used, etc. (e.g., 6, 9, 36, 45, 53, 58, 119, 124, 143, 171,
177, 189, 191, 198, 216, 217, 220, 234). Little of this will be
repeated here. Instead, our focus is on the gene and protein
responses that facilitate freeze tolerance and the new infor-
mation that is arising from the application of genomics or
proteomics approaches and advances in biochemical regula-
tory mechanisms.

Genomic Information
Major technological advances in recent years have greatly
improved the speed and accuracy of genome sequencing as
well as the bioinformatic annotation of sequences. As a result
there has been exponential growth in the number of species
for which genome sequence information is available. This has
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Figure 1 Cell responses to freezing: consequences and defenses. If undefended, ice nucleation in the extracellular space
leads to a rapid growth of ice. Ice crystals exclude solutes and the osmolality of remaining extracellular fluid rises rapidly
placing an osmotic stress on cells that causes massive water outflow and cells shrink. If a critical minimum cell volume is
exceeded, permanent damage can result causing loss of integrity of the plasma membrane when thawed. Transmembrane
nucleation can also occur so that intracellular ice forms. Freeze-tolerant organisms protect against these forms of damage with
a variety of defenses. Ice nucleating proteins (INPs) or agents trigger crystal growth close to the equilibrium FP of body fluids
so that ice growth is slow and controlled. Antifreeze proteins (AFPs) provide inhibition of recrystallization so that ice crystal
size stays small. Low molecular weight carbohydrates are proliferated such as glycerol (g) that limit cell volume reduction
by colligative effects whereas sugars such as trehalose act as membrane protectants (MP) to stabilize bilayer structure.
Membrane transporters (AQPs) including aquaporins, aquaglyceroporins, and transporters for other cryoprotectants ensure
high flux movements of water and cryoprotectants across the membranes.

further supported an expansion of gene-based studies with
unsequenced species by facilitating, for example, heterolo-
gous screening of cDNA arrays, consensus primer design
for use in retrieving species-specific cDNAs, investigation of
noncoding RNA, identification of transcription factor bind-
ing elements, etc. Hence, although genome information for
freeze-tolerant species is still very limited, gene-based studies
have been greatly facilitated.

For insects, genome sequencing information is now avail-
able for about 60 species and links to this and other terres-
trial arthropods are available through the Arthropod Genomic
Consortium (http://arthropodgenomes.org/wiki). The work is
all part of the ambitious i5k project that aims to sequence
the genomes of 5000 insects and other arthropods (121).
Not surprisingly, the genomes that have been sequenced
to date have focused on major model species (e.g., 20
species of Drosophila are listed), disease-carrying species

(4 mosquitoes), and agriculturally important species (benefi-
cial or pest). To date, full genome sequencing is unavailable
for any freeze-tolerant insect species but a genome sequenc-
ing project is underway for the desiccation and freeze-tolerant
Antarctic chiromonid, Belgica antarctica (206). Currently, the
only fully sequenced species that is also a model for insect
cold hardiness is the silkmoth Bombyx mori (SilkDB.org)
(139, 229). Diapause eggs are freeze avoiding with a SCP of
about −29◦C (1) but, in practical terms, hatching rates after
long-term storage decline quickly below −3◦C (∼90% after
1 year) and so long-term storage of egg stocks for indus-
trial use is typically at 0◦C (T. Furusawa, personal commu-
nication). Expressed sequence tag (EST) libraries are also
available for a variety of cold-hardy species including both
freeze-tolerant and freeze avoiding insects (summarized in
53). These include the European corn borer Ostrinia nubilalis
(butterflybase.ice.mpg.de), spruce budworm Choristoneura
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fumiferana (http://pestgenomics.org/index.cfm), apple mag-
got Rhagoletis pomonella (174) and flesh fly Sarcophaga
crassipalpis (81).

Genome information is very limited for freeze-tolerant
vertebrates and marine intertidal species. The genome of the
western painted turtle (Chrysemys picta bellii) has recently
been completed (176), the only freeze-tolerant vertebrate that
has been sequenced. Newly hatched juveniles of both C. p.
bellii and C. p. marginata spend their first winter on land
within their natal nest where they are exposed to subzero
temperatures and often freeze (45, 191). This new genome
information will prove useful in further exploring the freeze
tolerance of painted turtles and other species whose hatch-
lings use the same strategy of wintering in the nest (65). A
large-scale, multiorgan transcriptome is also available for the
garter snake Thamnophis elegans (173) which should prove
useful for further exploration of the freeze tolerance of the
related T. sirtalis, the only snake with a documented ability to
survive substantial freezing (32). Full genome sequencing of
frogs is so far limited to Xenopus (www.xenbase.org) although
mitochondrial genomes are available for some species. The
very large genome size and/or tetraploid nature of many
frog species have been particular stumbling blocks in this
endeavor. Genome sequencing projects are complete or under-
way for a number of invertebrate species that live in estuar-
ine, intertidal, or shallow coastal waters, particularly commer-
cially important bivalve and crab species (summarized by 71).
This includes two anoxia-tolerant bivalves, Crassostrea gigas
and Mytilus galloprovincialis (48, 213, 238) as well as exten-
sive sequence information for Littorina saxatilis (72) that is
closely related to the freeze-tolerant Littorina littorea. An
EST library is also available for the freeze-tolerant blue mus-
sel, Mytilus edulis (204).

Gene Screening
Not surprisingly, early work on the biochemistry of natural
freeze tolerance focused strongly on the most “visible” and/or
unique adaptive strategies that supported the phenomenon,
with the idea that perhaps only a few specific adaptations
were involved in conferring freezing survival. Work centered
mainly on low molecular weight cryoprotectants, AFPs and
ice nucleating agents (INAs) (e.g., 189, 234). Biomedical
studies in cryopreservation have taken a similar path; the
early successes in using glycerol and other permeant cry-
oprotectants to freeze/revive simple cell or tissue systems
(e.g., sperm, embryos, blood, cornea, skin, heart valves, etc.)
kept the field focused for many years on issues of cryoprotec-
tants (types, mixtures, and concentrations) and temperature
controls (freeze-thaw rates and steps, transitions to vitrified
states, etc.). However, within the last decade or so, the explo-
sive growth in the availability and use of genomic and pro-
teomic screening tools has given researchers the ability to
probe broadly and deeply across cellular metabolism in an
attempt to identify the full suite of metabolic adaptations that

are needed for successful cold hardiness and freeze toler-
ance. What we are now finding is that there are many added
issues involved in freeze tolerance, some directly related to
known cryoprotective mechanisms (e.g., transporters for rapid
movement of cryoprotectants across membranes), some that
are known components of conserved stress responses [e.g.,
heat-shock proteins (Hsps) and antioxidants], some that alter
energy metabolism and regulate metabolic rate depression in
the frozen state, and various others. A brief survey follows of
gene and protein screening studies available to date, providing
selected highlights of the findings. Subsequent sections delve
more deeply into some of the specific gene/protein responses
involved in freezing survival.

Gene screening of freeze-tolerant vertebrates
Construction and screening of cDNA libraries from liver and
brain of wood frogs, Rana sylvatica, as well as differen-
tial display PCR analysis of gene expression in wood frog
skin provided the first forays into identifying freeze respon-
sive genes in a freeze-tolerant vertebrate. Putatively upregu-
lated genes were confirmed by northern blotting and changes
in gene transcript levels were typically evaluated in mul-
tiple ways including organ-specific expression, freeze-thaw
changes in expression, and expression responses to anoxia
and dehydration. These latter are two component stresses of
freezing that are generally well survived by most anurans
and have led to the proposal that these underlying tolerances
were crucial elements in the successful development of freeze
tolerance (191).

Genes identified as freeze responsive in wood frogs
included fibrinogen alpha and gamma subunits, ADP-ATP
translocase (a mitochondrial membrane transporter), mito-
chondrial inorganic phosphate carrier, ribosomal proteins P0
and L7, and phosphoglycerate kinase 1 (20–22, 52, 135, 136,
226–228). Subsequent screening trials using DNA arrays to
assess upregulated genes in liver further added a number
of cell signaling proteins as putatively upregulated during
freezing including phosphoinositide 3-kinase class 2, alpha
polypeptide, casein kinase 2 (CK2), protein phosphatase
5 (PP5), and multiple inositol polyphosphate phosphatases
(186). Interestingly, CK2 plays an antiapoptotic role in cells
(123) and may be important for cell preservation during freez-
ing by suppressing stress signals that could normally trigger
apoptosis. PP5 has been linked with a range of actions includ-
ing the regulation of plasma membrane ion channels and the
atrial natriuetic peptide (ANP) receptor (see below), cell-cycle
inhibition and regulation of the heat-shock transcription factor
(86). Screening with cDNA arrays identified other genes that
were strongly upregulated in wood frog heart during freez-
ing including some involved in signaling (adenosine receptors
and ANP receptor), glucose control [glucose-6-phosphatase,
glucose transporter 4, and receptor for advanced glycosyla-
tion end products (RAGE)], transporters (adenine nucleotide
translocator, NaK-ATPase subunit a3, and monocarboxylic
acid transporter), antioxidant defense (ferritin light chain,
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metallothionein, glutathione-S-transferase, thioredoxin, glu-
cose 6-phosphate dehydrogenase), and the hypoxia-inducible
factor 1 alpha subunit (HIF-1α) (187).

Overall, these gene responses suggest that a wide range
of metabolic processes need attention when animals freeze.
These include damage control to deal with any bleeding
injuries caused by ice (fibrinogen upregulation), production
and distribution of glucose cryoprotectant, detection of poten-
tial glucose-mediated damage to proteins (RAGE) as occurs in
diabetics, ischemia/anoxia protective mechanisms (HIF-1α,
adenosine receptors), changes to multiple membrane trans-
porter proteins, altered regulation of fluid dynamics (ANP
receptor), and changes to ribosomal proteins that could alter
the regulation of protein synthesis in frozen animals. It is par-
ticularly interesting how many of these genes code for pro-
teins enzymes involved in cell signaling or proteins that are
membrane associated as transporters or receptors. The latter,
together with what is now known about water and cryoprotec-
tant transporters (see below), suggests the very great impor-
tance of regulating both plasma and mitochondrial membrane-
associated proteins to achieve freeze tolerance.

Screening of cDNA libraries prepared from wood frog
liver also identified genes for three novel proteins that were
named FR10, FR47, and Li16. These were strongly upreg-
ulated when animals froze (21, 135, 136, 202). Although
the functional role of these proteins is still under study, the
three show differences in their tissue-specific patterns of gene
expression and their responses to freezing, anoxia, and dehy-
dration stresses (187). Bioinformatic analysis of the gene
sequences of these proteins indicates that fr10 contains an
excretory sequence and the FR10 protein is found in both
blood and tissues whereas Li16 and FR47 are intracellular
proteins. Expression of the li16 gene was documented in 12
organs of wood frogs, with freeze-responsive upregulation of
transcripts in seven tissues and 2- to 4.5-fold increases in Li16
protein levels in four tissues of frozen frogs (202).

DNA array screening has also been used to assess gene
expression responses to freezing and anoxia in liver and heart
of freeze-tolerant hatchling painted turtles, C. p. marginata.
Marked upregulation (by 1.6- to 3.5-fold) occurred for mul-
tiple proteins associated with antioxidant defense includ-
ing iron binding proteins (ferritin heavy and light chains,
and transferrin receptor) and antioxidant enzymes (glu-
tathione peroxidase, glutathione-S-transferase, and peroxire-
doxin) (188). Also upregulated were three serine protease
inhibitors (serpin C1, D1, and G1). These plasma proteins
are irreversible covalent inhibitors of the proteases that are
involved in activating proteolytic cascades in the plasma
such as those that are part of blood coagulation and fibri-
nolysis. Reduced or static blood flow at subzero tempera-
tures can create a risk of spontaneous blood clotting and
the upregulation and secretion of selected serpins into the
plasma, for example, serpin C1 (antithrombin) and D1 (hep-
arin cofactor II), may help to minimize this risk (74). Notably,
upregulation of serpins is also a feature of mammalian
hibernation (194).

Gene screening of freeze-tolerant invertebrates
There is very little information about cold or freeze respon-
sive gene regulation in freeze-tolerant intertidal marine inver-
tebrates, although seasonal changes in ice nucleating or
antifreeze capacity have been reported, in some cases linked
with a proteinaceous agent (124). Screening of a cDNA library
made from L. littorea foot muscle found several freeze respon-
sive clones, only one identifiable. Northern blotting showed
that metallothionein transcripts were differentially expressed
in response to both freezing (at −8◦C) and anoxia (at 5◦C)
in foot muscle and hepatopancreas; transcripts rose signifi-
cantly within 1 h and reached maximum threefold to sixfold
increases after 12 to 24·h, as compared with aerobic con-
trols at 5◦C (68). A number of other genes, including ferritin,
have been identified as anoxia responsive from screening of
a L. littorea hepatopancreas cDNA library (115) and these
might also respond to freezing.

Recent studies have evaluated the cryoprotective dehy-
dration strategy of cold hardiness among polar species using
EST library or cDNA microarray screening with Arctic insect
species (the springtails Onychiurus arcticus and Megaphorura
arctica) and the Antarctic nematode, Plectus murrayi, from
the dry valleys (including subsequent quantitative real-time
PCR to confirm expression levels) (2, 34, 35). Significantly,
all of these gene-screening studies showed upregulation of
a consistent core group of genes in response to desiccation
or freezing exposure by the nematode and insect species.
Furthermore, these same genes that encode antioxidants, late
embryogenesis abundant proteins, Hsps, genes of trehalose
(the anhydroprotectant) metabolism and various transporters
(that redistribute water, trehalose, and other solutes) are
also signature responses to anhydrobiosis in hot dry cli-
mates, as characterized in the African sleeping chironomid,
Polypedilum vanderplanki (39). Another study of an Antarc-
tic nematode evaluated the effects of physiologically relevant
dehydration and freezing exposures on the expression of eight
genes that have been linked with desiccation stress in nema-
todes (3). Freezing exposures for 3 days were either acute
(direct transfer from 4 to −10◦C) or gradual (a 1◦C decrease
per hour) and were compared with nematodes held at 4◦C. The
acute transfer to −10◦C strongly increased the expression of
two genes (glutathione-S-transferase and an AFP) and these
plus three others (trehalose-6-phosphate synthase, malate
synthase, and c-Jun N-terminal kinase) were enhanced by the
gradual transition to the frozen state, indicating a broader gene
response when freezing was imposed gradually. By contrast,
glycogen synthase was upregulated during recovery from both
freezing exposures, a time when trehalose protectant would be
reconverted to glycogen. A large-scale transcriptome (13,500
genes) has also been produced for B. antarctica and, using
mRNA-seq, expression responses to 40% dehydration were
evaluated (206). The outstanding finding was the coordinated
upregulation of numerous genes involved in autophagy,
a process that allows regulated and limited catabolism of
cellular contents to free up nutrients to support long-term
survival under stress.
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Gene screening tools have also been applied to eval-
uate insect responses to cold in nonhardy species and to
diapause by cold-hardy species (e.g., 81, 155, 182). There
is little direct information for freeze-tolerant insects. Sev-
eral studies have examined transcriptional responses to cold
exposure by Drosophila melanogaster; for example, a 2 h
cold shock led to differential expression of 36 proteins and
highlighted chaperones and membrane-associated proteins
as important to cold hardening (156). Another study with
D. melanogaster found a core group of three genes that were
upregulated under all conditions (short vs. long and single vs.
repeated cold exposures), a group of 20 genes that responded
to short cold exposures (e.g., cold shock) and about threefold
more genes that were upregulated when cold exposures were
prolonged or repeated (241). This suggested that short-term
protective responses may change into a broader program of
long term cold adaptive processes over time. Cold-responsive
genes included those associated with muscle structure and
function, the immune response, stress response, carbohydrate
metabolism, and egg production. Other studies have mon-
itored changes in gene expression after multigenerational
selection of D. melanogaster for tolerance to cold and other
stresses (182, 207). A recent study used a novel dual approach,
combining transcriptomics and metabolomics, to assess and
compare the effects of rapid cold hardening or cold shock
plus recovery from both exposures on pharate adult flies (Sar-
cophaga bullata) (205). Interestingly, the rapid cold harden-
ing protocol (25◦C acclimated flies given acute exposure to
0◦C for 2 h), although very effective in improving fly survival
of subsequent subzero (−10◦C) exposure, had no significant
effect on gene expression of either cold exposed or recov-
ered flies. However, 111 ESTs showed differential expres-
sion of >1.5-fold under the cold shock protocol (−10◦C for
2 h + 2 h recovery). These included several genes associated
with cytoskeletal organization, heat-shock response, apopto-
sis, and cell signaling including Jak/STAT and insulin signal-
ing. Recovery from cold shock also elicited a wide array of
metabolite responses including a robust increase in the levels
of many sugars and polyols.

Because cold tolerance in insects frequently develops in
parallel with entry into diapause, especially for univoltine
species, it is hard to separate gene expression associated with
the two phenomena and so studies of diapause alone are
instructive when trying to determine whether or not selected
genes are crucial for freeze tolerance. Diapause-specific gene
expression has been assessed in mosquitoes, Culex pipiens
(165), Drosophila montana (97), and S. crassipalpis (164).
Seventeen diapause upregulated genes were found in a com-
parison of diapause and nondiapause pupae of S. crassipalpis
at 20◦C; these included several Hsps, ferritin, and metal-
lothionein, and �9 acyl-CoA desaturase that is involved in
membrane remodeling (164). Furthermore, a S. crassipalpis
microarray was used to identify diapause-responsive genes for
a comparison of the gene responses by flesh fly pupae to those
of D. melanogaster in adult diapause and Caenorhabditis ele-
gans in the larval diapause (dauer) state (158). Compared

with nondiapause pupae, diapausing S. crassipalpis showed
enhanced expression of Hsps, metalloproteins associated with
detoxification, an antimicrobial peptide, genes associated with
glycolysis and multiple components of the insulin-signaling
pathway. Diapause upregulated genes that were common to
all three species were a small group of 10 genes encoding
proteins involved in the stress response and gluconeogenesis.
Transcriptome screening was also used to look at changes
in gene expression when cold diapause was broken in the
apple maggot R. pomonella, identifying four categories of
upregulated genes (cell-cycle, heat-shock, ecdysone-related,
circadian rhythm) that are apparently involved in releasing
larvae from diapause with its associated cell-cycle arrest and
metabolic depression (159). In the cold-hardy eggs of B. mori,
a defining event of diapause termination is the induction of
sorbitol dehydrogenase and glycerol kinase that allows clear-
ance of the cryoprotectants (102, 168). This undoubtedly res-
cues this huge carbon pool to be used to fuel a renewed
developmental program.

Proteome Screening
The use of gene screening techniques in recent years has
had a major impact on our understanding of cold hardi-
ness and freeze tolerance. Ultimately, however, proteins are
the functional players in metabolism and the wide array
of posttranscriptional controls that can act on mRNA tran-
scripts means that changes in gene transcript levels often bear
little resemblance to subsequent changes in protein levels.
This is particularly true when hypometabolism is involved
because transcripts that are upregulated as organisms descend
into a hypometabolic state are often sequestered in nuclear
storage bodies or cytoplasmic stress granules and held for
rapid translation when dormancy is broken (194). Hence,
gene screening results need to be confirmed with protein
analysis, typically with functional assays or immunoblot-
ting. Alternately, proteome screening tools are increasingly
available, becoming cost effective and allow the researcher to
acquire a direct analysis of changes in cellular protein pat-
terns in different metabolic states. Only a few studies have
taken this approach to date in the analysis of animal freeze
tolerance.

A recent study with wood frogs used liquid chromatog-
raphy together with tandem mass spectrometry quantitative
isobaric (iTRAQTM) peptide mapping to look for changes
in the abundance of liver proteins in summer versus winter
(108). Seasonal differences in abundance were identified for
33 proteins with 14 being more abundant in liver of winter
frogs. These included proteins associated with cytoprotection
(e.g., cognate and inducible HSP70 and peroxiredoxin 6), cell
signaling (protein kinase C and protein phosphatase 1), sev-
eral enzymes of carbohydrate metabolism and, not surpris-
ingly, glycogen phosphorylase, the rate-limiting enzyme in
the production of cryoprotectant glucose from glycogen. Liver
proteins that were less abundant in winter included several that
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are associated with amino acid metabolism and protein syn-
thesis which is consistent with hypometabolism and the lack
of eating and growth over the winter.

Freeze-tolerant intertidal molluscs and insects have not
yet been treated to a proteomic screening approach but for
cold-hardy insects there is substantial information available
from studies of species using the freeze avoidance and cry-
oprotective dehydration strategies. Protein responses to rapid
cold hardening (2 h to 0◦C) were evaluated in brain of pharate
adults of flesh flies, S. crassipalpis, using two-dimensional
electrophoresis and mass spectrometry. Fourteen high abun-
dance proteins were identified that may also contribute to
seasonal cold hardening (122) including F0F1 ATP synthase
alpha subunit, Hsp23, and tropomyosin-1 isoforms 33/34.
Notably, another tropomyosin-1 isoform was suppressed, sug-
gesting that cytoskeletal remodeling may be necessary for
cold survival. The same methods were used to assess protein
responses to cold exposure in the parasitic wasp, Aphidius
colemani, comparing constant cold exposure to fluctuating
warm/cold episodes (37). Animals survived better under the
fluctuating regime probably because it allowed the synthe-
sis of protective proteins during warm spells. It is interesting
to note that the F0F1 ATP synthase alpha subunit was once
again identified as upregulated, suggesting a crucial need to
maintain/readjust mitochondrial ATP synthesis in the cold.
Other proteins that were upregulated in response to fluctuating
warm/cold exposures included some associated with energy
metabolism (glycolysis and TCA cycle), protein chaperones
(Hsp70/Hsp90), and protein degradation (proteasome).

Two recent studies have delved into the proteomics of
cold hardiness by larvae of the freeze avoiding beetle, Cucu-
jus clavipes puniceus, an Alaskan species that has two sub-
groups of individuals, those that can supercool to −40◦C
and those that are capable of surviving to temperatures as
low as −100◦C (24, 25, 175). A comparison of winter ver-
sus summer beetle larvae from the nondeep cooling group
(−40◦C) identified a variety of proteins that changed season-
ally. Several proteins associated with the cytoskeletal showed
unique isoforms in winter (actin and myosin) and summer (α-
actinin, tubulin, and tropomyosin). Other proteins that were
upregulated in winter included those that would fortify the
cuticle, and several associated with gene silencing, among
others (24). A second study of C. c. puniceus aimed to find
protein differences between the nondeep cooling group and
the deep cooling group larvae (−100◦C) that show vitrifi-
cation of their body fluids below about −60◦C (25, 175).
Previously identified differences between the two types of
larvae included greater dehydration, higher AFP activity and
higher glycerol levels in the deep cooling group. The pro-
teomic analysis also found a variety of proteins that were
unique to the deep cooling group. These included several
cytoskeleton and cuticle proteins that are perhaps crucial to
enduring the much greater level of whole body dehydration
by this group as well as Hsp70, ATP synthase subunits, and
some proteins involved in immune response, among others.
Overall, these studies show the particular importance during

cold hardening of modulating ATP synthase composition to
sustain energy production at low temperature and of adjusting
the complement of structural proteins in the cytoskeleton and
cuticle.

A proteomic screening approach has also been applied to
identify proteins associated with low temperature exposure in
the Arctic springtail (M. arctica), a species that uses cryopro-
tective dehydration (208). Among these were five proteins of
carbohydrate metabolism (notably UDP-glucose pyrophos-
phorylase, a key enzyme of trehalose biosynthesis), several
chaperones, and three proteins involved in cytoskeletal organi-
zation. Finally, a large cross-species compendium of proteins
and genes that are associated with cold stress has recently been
assembled and compares information available for microbial,
plant, and animal studies, including five insect species as well
as wood frogs and painted turtles (26). Among the animal
groups, three proteins were identified that were differentially
expressed (generally upregulated) by two or more species [fer-
ritin, peroxiredoxin, and superoxide dismutase (SOD)]; all of
these are involved in antioxidant defense. Several protein fam-
ilies were also consistently represented as cold-responsive
across the full species range including ribosomal proteins,
RNA binding proteins, Hsp70 and other Hsps, ATP synthase
subunits, and catalase isoforms. Some of these have received
attention in freeze-tolerant species and will be more fully
discussed later.

Ice Management
Although there are exceptions among some freeze-tolerant
insects that can deeply supercool and still survive when they
freeze at very low temperatures (61, 201, 175), most freeze-
tolerant animals initiate the freezing of body fluids at high
subzero temperatures, presumably to allow ice growth and
cell dehydration to be slow and controlled and avoiding the
instantaneous ice surge that occurs when freezing starts from
a deeply supercooled state. For example, it can take 12 h
or more for maximal ice content to be achieved when wood
frogs freeze, providing substantial time for the synthesis and
distribution of glucose cryoprotectant and freeze-responsive
proteins (189, 192). The importance of regulated ice formation
is shown by the fact that many freeze-tolerant insects elevate
their SCP by several degrees Celsius as part of seasonal cold
hardening (235). Furthermore, freeze-tolerant animals typi-
cally rely on INAs to ensure that ice formation starts within a
tight temperature range. For some species, INAs come from
foreign sources; for example, nucleation can be triggered by
the bacteria present on the skin surface or in the gut of frogs
and turtles (44, 118). INAs can also have endogenous origins,
such as a normal blood protein or stored mineral crystals
(61). Specific INPs have also evolved in many cases, pre-
sumably to bring reproducibility to the freezing process if
nonspecific nucleators cannot be trusted. Other proteins con-
tribute to ice management in the frozen state, acting to inhibit
recrystallization, the tendency for small ice crystals to regroup
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over time into larger and larger crystals that can be damaging
to tissues. These were originally identified as AFPs, creat-
ing the anomaly of AFPs being present in a freeze-tolerant
animal, but perhaps would be better named ice restructuring
proteins when they are present in freeze-tolerant species.

Ice nucleation
INPs have been identified in a number of freeze-tolerant ani-
mals, although overall, there is still not a lot known about them
and little active research taking place. Research on bacterial
INPs is much more advanced due to their commercial impor-
tance to the snow-making industry and to agriculture (129).
Among vertebrates, studies with wood frogs have shown that
they can start to freeze at temperatures only fractionally below
the equilibrium FP of their body fluids (−0.5◦C) if they are
held on a damp substratum as a result of inoculation across
the skin by environmental ice. Since frogs need to hibernate in
damp microenvironments to prevent lethal dehydration over
the winter months (33), direct nucleation via contact with
environmental ice may be the major mode of nucleation in
nature. However, on a drier substratum, frogs cool to −2 to
−3◦C before freezing begins and this is linked to the ice
nucleating activity of bacteria on the skin surface or in the gut
(118). Wood frog plasma also contains an INP that triggers
freezing in vitro at −6 to −8◦C and is susceptible to denatura-
tion by heat and chemical treatments (199, 223, 224). The role
of this protein is still not clear since wood frogs never super-
cool below about −3◦C. However, it is possible that instead
of acting as a nucleator, the protein may help to direct the
propagation of ice through different fluid compartments of
the frog’s body, including the vasculature; it should perhaps
be reexamined for potential action as an ice restructuring pro-
tein. A recent study of a freeze-tolerant New Zealand hylid
frog showed that secretions from dermal granular glands con-
tained ice nucleators that strongly reduced the SCP of Ringer
solution in in vitro assays. SCPs were −18◦C for controls
(Ringer solution alone), −14◦C for skin secretions from sum-
mer frogs and −6◦C for secretions from winter frogs (161).
Such proteins secreted by skin would provide a very effective
and consistent way of triggering nucleation when ambient
temperature falls to subzero values. The nature of the nucle-
ator is not known but is likely proteinaceous.

Marine intertidal molluscs also exhibit ice nucleators
of either endogenous or exogenous origin (7, 124). For
example, an INP was purified and analyzed from the inter-
tidal gastropod Melampus bidentatus (128). However, the
winter increase in ice nucleating activity in the intertidal
bivalve Geukensia demissa was traced to a bacterium (Pseu-
domonas fulva) found in the gills and pallial fluid (125). Ice
nucleators, including specific INPs, are well known among
freeze-tolerant insects; most typically appear in the autumn,
are cleared in the spring and raise the winter SCP of the
insect above about −10◦C (233). The INP from overwin-
tering queens of the hornet, Vespula maculata, has been
purified and characterized; it is a 74 kDa protein with a highly

hydrophilic amino acid composition, about 20% glutamate or
glutamine (64). By contrast, the hemolymph INP from the
cranefly, Tipula trivittata, is an 800 kDa lipoprotein composed
of 45% protein, 4% carbohydrate, and 51% lipid; phospho-
inositol residues attached to the protein are important to ice
nucleating activity (65, 66).

Ice restructuring and antifreeze
The inhibition of ice recrystallization by an insect AFP was
first reported over 25 years ago (109) and at first the presence
of an AFP in a freeze-tolerant organism seemed contradic-
tory. However, such AFPs and/or ice-binding proteins are
present and enhance freeze tolerance not just in insects but
in many plants and bacteria (79, 210). The seeming contra-
diction in AFP action was resolved when it was determined
that all AFPs have dual characteristics. They exhibit both
(a) thermal hysteresis, a depression of the FP of a solution
below the melting point by inhibiting the growth of nascent
ice crystals and (b) inhibition of the restructuring of small ice
crystals into larger ones (232). The first action is important for
freeze avoiding species whereas the second action—inhibition
of ice recrystallization—is crucial for freeze tolerance. Both
actions are accomplished by protein binding interactions with
the surface of ice. Although they share the common func-
tion of ice binding, AFP sequence and structure is highly
diverse across species, probably related to two realities: (a)
multiple independent evolutionary origins (29, 70) and (b)
the surface heterogeneity of their ice ligand (51). However,
all AFPs have common attributes in that their binding surfaces
are relatively flat, a substantial part of the protein’s surface
area is engaged in ice binding, and the ice binding surface is
somewhat hydrophobic (51). Recent research on both fish and
insect AFPs have made a new advances in understanding AFP
action by demonstrating that in addition to a short-range direct
interaction with the ice face, AFPs also retard ice formation
by exerting a long-range effect on water in the hydration shell
around the protein extending up to 20 Å from the protein
surface (137).

AFPs from several freeze avoiding insects including the
spruce budworm (C. fumiferana), yellow mealworm bee-
tle (Tenebrio molitor), and fire-colored beetle (Dendroides
canadensis) have been well characterized. They all have ther-
mal hysteresis activities of 4 to 6◦C, much greater than occurs
for most fish AFPs, and are classed as hyperactive AFPs (58,
63, 77, 78, 211). TxT repeats form the ice-binding surface of
the AFP from all species; for example, the T. molitor sequence
has a 12-amino acid repeat (TCTxSxxCxxAx), each repeat
making up one coil of the beta-helix structure (78). Studies
have shown no apparent link between high thermal hysteresis
activity and high ice recrystallization inhibition in a compar-
ison of AFPs from multiple sources but the same ice-binding
amino acid residues are involved in both actions (232). In
freeze-avoiding species, AFPs not only inhibit ice growth but
their presence in hemolymph and gut inhibits the action of
ice nucleators whereas AFPs associated with epidermal cells
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under the cuticle inhibit inoculative freezing by environmental
ice (61). Seasonal regulation of insect AFPs and the influences
of photoperiod, temperature, and hormones on their produc-
tion have been well characterized (for review, see 61).

Recently, a high molecular mass antifreeze was discov-
ered that is not a protein and that has a different mode of
action to that of known AFPs. A nonprotein xylomannan gly-
colipid with antifreeze action was isolated from six insects
(three freeze tolerant and three freeze intolerant), a frog, and
a plant (218). Its presence accounted for the thermal hysteresis
measured in winter-acclimated species but was not present in
the summer. The xylomannan glycolipid is associated with
the plasma membrane and exhibits both antifreeze action
and ice recrystallization inhibition activity. In freeze-tolerant
species, the glycolipid may also potentially protect against
intracellular inoculation when ice forms in the extracellular
space or help to stabilize plasma membranes when organisms
freeze.

Water and Cryoprotectant Movement
Freeze-tolerant animals experience massive movements of
water and cryoprotectants between extracellular and intracel-
lular spaces. During natural freezing, ice growth in extra-
cellular and extra-organ spaces sets up an osmotic imbalance;
solute exclusion from ice crystals creates hyperosmotic condi-
tions in the remaining extracellular fluid and this draws water
out of cells leading to severe shrinkage (Fig. 1). This is coun-
tered by the synthesis or uptake of low molecular weight car-
bohydrate cryoprotectants by cells that creates osmotic resis-
tance to further water loss and helps to prevent cell volume
from falling below a critical minimum (189). Water can flow
passively across membranes but in situations where high water
flow is needed specific integral membrane proteins called
aquaporins (AQPs) are used. These selectively conduct water
while preventing the associated passage of ions and most
solutes. In humans, 13 AQP isoforms have been identified to
date and some of these, notably the AQP3 subgroup, function
as aquaglyceroporins that also transport glycerol and some
other small uncharged solutes (e.g., CO2, ammonia, and urea)
(23, 237). Indeed, the existence of aquaglyceroporins may be
one reason for the widespread use of glycerol as the primary or
sole cryoprotectant in most freeze-tolerant or freeze-avoiding
insects as well as freeze-tolerant hylid frogs (Fig. 2). How-
ever, metabolic considerations also favor glycerol, including
its ease of synthesis from glycogen, the minimal energetic cost
and loss of carbon associated with its production, the poten-
tial to catabolize it as a spring fuel source, and its behavior
as a compatible solute that does not disrupt protein struc-
ture/function at the high concentrations needed (often 2 M or
more) (185, 189, 190).

AQPs have important roles in normal water balance in
all animals; for example, they are crucial for water reuptake
in mammalian kidney. In amphibians, AQPs also facilitate
water uptake from the external environment via specialized

ventral pelvic skin patches as well as retrieval of water from
stores in the urinary bladder (particularly in desert water-
holding species). AQPs have been sequenced from several
frog species and include homologs of mammalian AQP 1,
2, and 3 (111, 203). Frog AQPs are under regulation by the
neurohypophyseal hormone arginine vasotocin (4). Recent
studies have examined AQPs and water/glycerol transport in
the freeze-tolerant Cope’s gray treefrog, Hyla chrysoscelis,
which accumulates glycerol as a cryoprotectant (75, 144).
Homologs of AQP 1, 2, and 3 were cloned and showed dif-
ferential tissue expression as well as well as differences in
expression between warm and cold acclimated frogs in nine
tissues (242). In particular, AQP 3, the aquaglyceroporin, was
strongly upregulated in liver, lung, skeletal muscle, gut, brain,
and bladder of cold acclimated frogs. Immunoblotting showed
similar protein expression patterns for the three AQPs in frog
tissues; AQP 1 was found in all tissues tested, AQP 3 was also
broadly distributed and AQP 2 was found only in osmoreg-
ulatory organs (renal collecting ducts and epidermis) (150).
Analysis of treefrog erythrocytes showed a 2.3-fold greater
abundance of the aquaglyceroporin in cold (4◦C) versus warm
(20◦C) acclimated frogs as well as a much a greater AQP
presence at the plasma membrane in cold acclimated animals
versus a broader cytoplasmic distribution in warm acclimated
animals (144). These results support the idea that both water
and glycerol transport capacities of organs are enhanced by
up-regulation of AQPs in aid of freezing survival.

AQPs also contribute to the seasonal acquisition of freeze
tolerance in insects. Studies with the freeze-tolerant larvae of
the rice stem borer (Chilo suppressalis) showed that uptake
of glycerol and loss of water from fat body cells during freez-
ing was strongly suppressed in the presence of the water
channel inhibitor, mercuric chloride, indicating that these
movements occurred mainly through AQPs (90). The authors
subsequently showed that cold exposure and diapause inter-
acted to upregulate AQPs in this species (89). An aquaglyc-
eroporin has also been characterized from the silkmoth, B.
mori (98). Insect homologs of two water channels (AQP2 and
AQP4) and one glycerol channel (AQP3) were also found
in freeze-tolerant gall fly (Eurosta solidaginis) larvae and,
notably, AQP3 protein levels rose ∼50% in response to des-
iccation or −20◦C freezing, as compared with 4◦C controls
(154). A time course study showed rising abundance and
membrane localization of both AQP and aquaglyceroporin-
like proteins in E. solidaginis larvae collected from July
through January and acute cold or desiccation treatments in
October (when natural glycerol production begins) upregu-
lated the AQP3-like protein (153). In addition, when mer-
curic chloride was administered to the larvae, freeze toler-
ance was reduced indicating the importance of AQP actions
to regulating transmembrane movements of water and glyc-
erol during freezing and thawing (153, 154). A constitutively
expressed AQP was also cloned from the Antarctic chirono-
mid (Belgica antarctica), a species that uses the cryopro-
tective dehydration strategy of cold hardiness (76). AQPs
responded to dehydration, rehydration, and freezing stresses
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Figure 2 Cryoprotectant acquisition by freeze-tolerant animals. (A) Seasonal synthesis of glycerol and sorbitol by larvae of the goldenrod gall
fly, Eurosta solidaginis, and corresponding consumption of larval glycogen reserves. (B) Freeze responsive accumulation of glucose by wood frogs,
Rana sylvatica, frozen at −3◦C. Ice nucleation on the skin triggers a nearly instant activation of glycogenolysis in liver and glucose is rapidly
produced, exported into the blood and distributed to all other organs. Thawing reverses the process to restore glucose into liver glycogen but
occurs over a longer time frame. (C) E. solidaginis larva within an opened gall and two galls on a goldenrod stem. (D) R. sylvatica, unfrozen and
frozen. Photos, with permission, by J.M. Storey.

in this species and blocking AQPs reduced the freeze toler-
ance of midgut and Malpighian tubules (230). Both E. sol-
idaginis and B. antarctica AQPs showed closest sequence
similarity with an AQP from the African sleeping chirono-
mid (P. vanderplanki) that is capable of extreme dehydration
(anhydrobiosis).

Sorbitol occurs quite frequently as a cryoprotectant in
freeze-tolerant insects, in partnership with glycerol, but fol-
lows different patterns of accumulation and clearance (Fig. 2)
(189). Nothing is currently known about the transporters that
move sorbitol in or out of insect cells. However, they must
occur since sorbitol is present in the hemolymph of E. sol-
idaginis (i.e., secreted from cells) and a relative reduction in
hemolymph sorbitol levels versus whole body sorbitol lev-
els occurred under stresses (freezing and dehydration) that

would favor sorbitol uptake into cells (222). In mammals,
renal epithelial cells (e.g., inner medullary collecting duct
cells) in kidney respond to hyperosmotic stress (that causes
cell shrinkage) by synthesizing several osmolytes, sorbitol
being a major one. Synthesis is catalyzed by aldose reduc-
tase, also known as polyol dehydrogenase. When the stress
subsides and cells swell, these osmolytes are released, sorbitol
exiting via a sorbitol permease (114, 172). Sorbitol is taken up
into renal inner medullary interstitial cells by a transporter that
is different from the permease and not a glucose transporter
(172). There it is converted to fructose via sorbitol dehydro-
genase and the sugar can re-enter intermediary metabolism
after phosphorylation by hexokinase. Whether a similar sys-
tem of dual sorbitol transporters and tissue specific capabil-
ities for sorbitol synthesis versus degradation also occurs in
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freeze-tolerant insects has not yet received any experimental
attention.

The disaccharide, trehalose, accumulates in a variety of
insects during cold hardening, sometimes in high levels and
sometimes as a more minor component of a multiprotectant
mix, such as in E. solidaginis (189). In freeze-tolerant species
and in cryopreservation, trehalose is thought to function
in membrane stabilization during freezing (5). However, in
species that undergo cryoprotective dehydration and/or anhy-
drobiosis, trehalose is produced in very high levels and is the
main anhydroprotectant that stabilizes cells and their macro-
molecules in the dry state; its chemical properties includ-
ing a very high glass transition temperature appear to be
crucial reasons for its use in dry biological systems (49).
Being the normal blood sugar of insects, trehalose transporters
must exist and recently a trehalose transporter (TRET1) was
cloned from the desiccation tolerant chironomid, P. van-
derplanki (103). Subsequently, orthologs were confirmed in
mosquito, silkworm, honeybee, and Drosophila (96) but, as
yet, there is no information about seasonal or freeze/thaw
expression of a TRET ortholog in a cold hardy insect species.
A proton-dependent trehalose transporter (H-TRET1) was
also newly identified in Malpighian tubules of the brown
planthopper and appears to function to resorb trehalose from
the lumen of the tubules in a manner comparable to glu-
cose reclamation by mammalian kidneys (104). This suggests
that a family of trehalose transporters is likely present in
insects similar to the family of glucose transporters found in
vertebrates.

Freeze-tolerant frogs of the Rana and Pseudacris genera
rely on high levels of glucose as their cryoprotectant. Glucose
synthesis from liver glycogen reserves is triggered within 2
to 5 min after ice nucleation is initiated on the skin and the
sugar is rapidly exported into the blood and taken up by
other tissues (Fig. 2) (189). Hence, distribution mechanisms
to move glucose to other tissues need to be highly efficient.
Glucose uptake into vertebrate cells is carrier mediated via
a family of glucose transporters (GLUTs) (152). In most tis-
sues, these mediate unidirectional glucose movement from
plasma into cells via either insulin independent (GLUT1 and
GLUT3) or dependent (GLUT4) transporters. However, liver
has a bidirectional transporter (GLUT2) that allows hepato-
cytes to take up glucose from the blood when it is in excess
(feeding it into glycogen storage or using it for biosynthesis)
or release glucose when blood sugar levels decline. Studies
with wood frogs (R. sylvatica) showed that the rates of glu-
cose transport by both liver and skeletal muscle membrane
vesicles were eightfold higher in wood frogs compared with
the same tissues of freeze intolerant leopard frogs (Rana pip-
iens) (106). The difference in liver was linked with a fivefold
greater number of GLUT2 transporter sites in wood frog ver-
sus leopard frog liver membranes, as determined by cytocha-
lasin B binding. Carrier-mediated glucose transport capacity
of wood frog liver also changed seasonally with rates ris-
ing by sixfold between summer and autumn supported by an
8.5-fold increase in GLUT2 transporter sites in liver plasma

membranes (107). Furthermore, screening of a cDNA array
for differential gene expression by heart of control versus
24 h frozen frogs showed a strong twofold to threefold upreg-
ulation of glut4 transcripts in frozen frogs (187) suggesting
that an acute freeze-responsive upregulation of GLUT4 also
occurs. Hence, species-specific, seasonal, and acute elevation
of GLUTs in wood frogs all contribute to rapid cryoprotectant
distribution during freezing.

Urea is widely accumulated as an osmolyte by anuran
species under desiccation stress, particularly among species
that estivate under arid conditions, and acts to retard evapora-
tive water loss from the body and/or promote water absorption
from the environment across the skin. Urea levels also rise in
wood frogs when conditions are dry during winter hiberna-
tion, contribute to the total osmolyte pool that aids cryoprotec-
tion, and enhance freeze/thaw viability of both whole animals
and isolated muscle or red blood cells (42, 43, 46). However,
a study with the boreal chorus frog (Pseudacris maculata),
indicates that urea is not a universal cryoprotectant among
freeze-tolerant frogs (85). A recent study identified urea trans-
porters in kidney and bladder of wood frogs (166). Trans-
porter abundance varied seasonally and with experimental
dehydration and urea loading but was not affected by exper-
imental freeze/thaw. Urea transporter expression appears to
be controlled at a posttranslational level with levels increas-
ing when physiological conditions require urea reabsorption
and decreasing when excess urea needs to be eliminated in
the urine.

Cell Preservation Strategies
Animal survival of extreme environmental stress often
involves two main strategies: (a) the use of preservation mech-
anisms that stabilize and/or protect cell macromolecules and
(b) entry into a hypometabolic state where energy use is both
minimized and reprioritized to support crucial vital functions
(193,194). Protection of macromolecules is crucial because a
core element of hypometabolism is a strong global suppres-
sion of highly energy-expensive functions, transcription and
translation being two key targets. As a consequence, organ-
isms have limited capacity for repair or resynthesis of dam-
aged macromolecules and hence, preservation strategies are
crucial to greatly extend the function lifespan of cellular com-
ponents. Two groups of proteins are prominent in this func-
tion: chaperones and antioxidants. Both are components of
the cellular stress response (113) and both are now being
widely found as parts of the natural adaptive strategies of
stress tolerant organisms, including freeze-tolerant animals
(195, 197, 198).

Chaperone proteins
Chaperone proteins are essential for maintaining the func-
tionality of the cellular proteome. They act either alone or
together with partner proteins to prevent the aggregation of
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unfolded proteins (either naive or denatured), facilitate fold-
ing of naive proteins or refolding of malfolded proteins, and
direct protein trafficking and assembly (69, 73). Various chap-
erones are constitutively present in cells, some are further
upregulated under stress conditions, and others are induced
under stress. HSPs are the best known chaperones but also
included are the glucose-regulated proteins (GRPs) that have
localized functions in the endoplasmic reticulum, some crys-
tallins, and others. HSP families were first defined by their
molecular masses: Hsp100, Hsp90, Hsp70, Hsp60, Hsp40,
and the small Hsps (sHsps) (sizes <30 kDa) (72, 73). They
are still best known this way although a revised nomen-
clature was recently designed to encompass all kinds of
chaperones (95).

Inducible HSPs respond to many kinds of stress (e.g., heat,
low oxygen, UV radiation, heavy metals, etc.) but historically,
there have been few studies of the effects of cold or freez-
ing exposure on HSP expression. Furthermore, most studies
that have addressed cold/freezing effects on HSP expression
have used species that are not naturally freeze tolerant or
even cold hardy; e.g. multiple studies of HSP gene and pro-
tein responses to cold in Drosophila (e.g., 105, 146, 156,
178, 212, 231). However, a recent study with yeast provides
strong support for a role of chaperones in conferring freez-
ing tolerance. When yeast strains lacking individual chaper-
ones were screened, 19 out of 82 chaperone-deleted strains
were more sensitive to freeze-thaw than wild-type cells (145).
This sensitivity of knockout strains was retained in the pres-
ence of 20% glycerol but the reintroduction of the respective
chaperone genes into the deletion mutants recovered freeze
tolerance.

Recent work is finally beginning to explore the natural
role of HSPs in cold-hardy species. Since HSP expression is
a feature of both the stress response (113) and of animal entry
into hypometabolic states (197), it may be expected that HSPs
or other chaperones have natural roles in freeze tolerance
although they might not be upregulated in direct response
to cold or freezing. Rather, HSPs might be elevated as part
of autumn cold hardening or entry into seasonal diapause or
they may respond to component stresses of freezing such as
anoxia/ischemia. For example, a mass spectrometry analysis
of seasonal variation in liver proteins from summer versus
winter wood frogs indicated a 1.3-fold higher content of both
the cognate and inducible forms of HSP70 in winter animals,
independent of freezing exposure (108).

Much more is known about chaperone involvement in
insect cold tolerance where a clear involvement of these
proteins in cell preservation under cold/freezing conditions
has been demonstrated (for review, see 36, 197). However,
two factors probably impeded the early recognition of chap-
erone importance: (a) most cold-hardy insects go through
a prolonged seasonal cold acclimation process that could
include chaperone accumulation but would likely mask acute
responses to cold shock and (b) chaperones are induced as
part of diapause entry in many insects (36, 140, 163, 164).
In support of these ideas, cold acclimation studies with

C. suppressalis found that cold exposure enhanced Hsp90
levels in nondiapausing larvae but not in diapausing larvae
where Hsp90 was already high (180). Analysis of pupal dia-
pause in S. crassipalpis also found that whereas hsp70 and
hsp23 mRNA transcript levels rose when diapause began,
RNAi knockdown of these genes reduced the cold tolerance
of diapausing larvae but did not affect diapause capacity (183).
Interestingly, a new study also adds a cautionary note to stud-
ies of HSP involvement in insect cold hardiness by showing
that both cold tolerance and the capacity for cold-induced
hsp gene expression were age dependent in Drosophila and
decreased quickly over 5 days posteclosion (38).

Up-regulation of HSPs has been reported in several cold
hardy insect species. Genes encoding hsp70, hsp60 (chaper-
onin) and tcp1 (tailless complex polypeptide-1) were upregu-
lated in cold hardy pupae of the onion maggot, Delia antiqua
(27, 100, 101). Transcripts of hsp90 also increased during the
winter in Thitarodes pui larvae (243). Studies on the Antarctic
flightless midge, B. antarctica, also showed continuous upreg-
ulation of hsp genes (hsp70, hsp90, and small hsps) in the cold
hardy larval stage, but not in the short-lived adult stage (162).
In E. solidaginis larvae, levels of Hsp110, Hsp70, and Hsp40
all increased by 1.5-fold to 2.0-fold in late autumn and winter
(Fig. 3) (239). Notably, these three proteins work in concert;
Hsp70 family proteins do the actual ATP-dependent folding
of proteins, Hsp40 stimulates the ATPase and substrate bind-
ing activities of Hsp70, and Hsp110 catalyzes the nucleotide
exchange on Hsp70 (60). An evaluation of seasonal changes
in the heat shock transcription factor (HSF1) also indicated
the state of hsp gene transcription in E. solidaginis larvae;
the amount of active hyperphosphorylated HSF1 was high in
September and October but fell to less than 40% of Septem-
ber values over the midwinter months (239). This is consistent
with the increase in larval HSP levels seen in the autumn but
suggests a subsequent reduced hsp gene expression over the
winter months in diapause, perhaps implying that HSPs, once
synthesized, have very long half-lives in the overwintering
larvae.

Interestingly, the winter profile of the mitochondrial chap-
erone, Hsp60, in E. solidaginis was opposite to that of the
other chaperones; levels were reduced by about 50% dur-
ing the winter months (239). This did not occur in parallel
experiments with freeze avoiding goldenrod gall moth lar-
vae (Epiblema scudderiana) where Hsp110, Hsp70, Hsp60,
and Hsp40 levels all increased by 2- to 2.5-fold during the
midwinter months (198). The unique response by Hsp60 in
E. solidaginis appears to result because of winter degradation
of mitochondria in the freeze-tolerant species. Hsp60 suppres-
sion correlates well with comparable reductions in mitochon-
drial DNA content and the activities of multiple mitochondrial
enzymes that suggest that mitochondria numbers are reduced
by about one-half over the winter (91, 120, 133, 196). Over-
all, then, Hsp60 content per mitochondrion may not change
during the winter.

Chaperone proteins in E. solidaginis also responded to
cold/freezing exposures in laboratory studies. When 15◦C
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Figure 3 Relative expression levels of heat shock proteins Hsp110, Hsp70, Hsp60, and
Hsp40 from September to April in freeze-tolerant Eurosta solidaginis larvae. Data are means
± SEM, n = 4. “a” shows values that are significantly different from the corresponding
September value, P < 0.05. Modified, with permission, from Zhang et al. (239).

acclimated larvae were acutely chilled to 3◦C for 24 h no
changes occurred in the levels of a variety of chaperones:
HSPs 110, 70, 60, and 40; GRP 75 and 78, αA- and αB-
crystallins and TCP-1. However, the subsequent acute move
to −16◦C for 24 h (which freezes the larvae) triggered sig-
nificant increases in Hsp70, Hsp40, and Grp75 by 1.4- to
1.8-fold (239). Other chaperones (Hsp110, TCP-1, and both
crystallins) increased by 1.5- to 1.6-fold after larvae were
thawed at 3◦C for 24 h. Hence, the data for both seasonal
responses and laboratory cold/freezing exposures indicate a
clear role for chaperones in the cold and freezing tolerance
of E. solidaginis larvae (239). Anoxia exposure of the larvae
(24 h under N2 gas at 15◦C) also elevated Hsp70, Grp78 and
the two crystallins by 1.5- to 2-fold and triggered a strong 4.9-
fold increase in the amount of active HSF1 showing that the
larvae exhibit the well-known HSP response to low oxygen
stress that has been documented in many animals, including
Drosophila (8).

The crucial functions of chaperones to winter freezing sur-
vival have not been specifically identified but likely parallel
the actions of these proteins in other stress situations. Chal-
lenges to the cellular proteome that could require chaperone
action to fold or refold proteins in overwintering species could
include exposure to a wide range of temperatures, rapid tem-
perature change (especially for intertidal species or for insects
wintering in trees/shrubs), freeze-thaw cycles, and freeze-
induced ischemia/anoxia. A study of D. antiqua addressed
chaperone action showing that nonhardy pupae experienced
cold-induced depolymerization of actin but cold-hardy pupae
did not; this correlated with the upregulation of a chaperone
called CCT (chaperonin containing t-complex polypeptide-1)
in cold-hardy pupae (101). Notably, an increase in TCP-1 (a
component of CCT) was observed after thawing in E. sol-
idaginis larvae (239). TCP-1 is involved in folding actin and
tubulin in the cytoplasm (100). Overall, the information from

these two species suggests that a freeze/thaw event, which
always causes major changes in cell volume (and, therefore,
in cytoskeletal architecture), may require chaperone help to
properly restructure the network of cytoskeletal filaments after
thawing.

Antioxidant defenses
The upregulation of antioxidant defenses and of metal-
binding proteins (particularly iron-binding proteins) is prov-
ing to be an integral and conserved part of cell preservation for
organisms under stress as well as a core element of long-term
survival in hypometabolic states (194). Although winter is a
time of low metabolic activity due to low environmental tem-
peratures, often coupled with hypometabolism (e.g., torpor
and diapause), organisms are still vulnerable to abiotic stress
(e.g., temperature extremes, UV radiation, oxygen availabil-
ity, etc.) that can increase the generation of reactive oxygen
species (ROS). For example, the presence of high antioxi-
dant activities of SOD and catalase in the Antarctic midge, B.
antarctica, has a suggested link with the need for protection
from intense ultraviolet radiation that generates ROS (126).
For freeze-tolerant animals, an additional concern is a wide
variation in oxygen availability over freeze-thaw cycles—
oxygen depletion during freezing and rapid reintroduction
during thawing. Rapid upswings in tissue oxygenation are
associated with ROS generation in many systems where they
can be highly injurious (e.g., the reperfusion stage after stroke
or heart attack). For this reason, animals that deal naturally
with wide variation in oxygen (e.g., anoxia-tolerant turtles
and hibernating mammals) have frequently developed either
high constitutive antioxidant defenses or undergo seasonal
enhancement of antioxidants (84).

Proteinaceous antioxidant defenses come in a variety of
forms. SOD, catalase and glutathione peroxidase (GPox) deal
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directly with the destruction of ROS including superoxide,
hydrogen peroxide, and various types of peroxyl radicals
that can develop on macromolecules, particularly lipids (83).
Glutathione-S-transferase (GST) neutralizes various xenobi-
otics and aldehydic products of lipid peroxidation that could
trigger ROS formation by conjugating them with reduced
glutathione (GSH) to set them up for excretion. Proteins that
bind iron and copper also contribute to antioxidant defense.
Free ferrous and cuprous ions (Fe2+ and Cu+) are danger-
ous in cells because they react with hydrogen peroxide and
lipid peroxides to catalyze the formation of highly reactive
hydroxyl radicals and lipid radicals in the Fenton reaction
(83). Hence, free levels of these metal ions are always strictly
controlled by binding them to blood proteins during transport
(transferrin and ceruloplasmin), intracellular storage proteins
(ferritin and metallothionein), or locking them in functional
proteins (e.g., hemoglobin, hemocyanin, cytochromes, etc.).
The antioxidant “umbrella” of proteins also extends to mul-
tiple enzymes involved in the synthesis and regeneration of
low molecular weight antioxidants; for example, glutathione
reductase (GR) reconverts oxidized glutathione (GSSG) to
the reduced form (GSH) with the involvement of glucose-
6-phosphate dehydrogenase to produce the NADPH needed
for the (GR) reaction. Many studies have shown the involve-
ment of these proteinaceous antioxidants in the stress response
(113) and in animal survival in hypometabolic states (71, 84,
194–196, 198).

Evidence from multiple freeze-tolerant species indicates
that antioxidant defenses are also a key element of success-
ful freeze tolerance. For example, studies of gene expression
responses to freezing and anoxia in the intertidal gastropod
L. littorea highlighted the role of metal-binding proteins in
antioxidant defense. Screening of a foot muscle cDNA library
identified metallothionein as both anoxia and freezing respon-
sive and northern blots showed 2- to 2.5-fold increases in
RNA transcript levels within 1 h in foot muscle and fivefold
to sixfold increases in hepatopancreas within 6 h (68). The
iron binding protein, ferritin, is also upregulated in L. lit-
torea in response to anoxia (freezing has not yet been tested)
(116,117). Among freeze-tolerant vertebrates, gene screening
showed upregulation of H and L chains of ferritin as well as
the transferrin receptor that is responsible for uptake of iron-
transferrin complexes into cells in response to both anoxia
or freezing exposure of hatchling turtles C. p. marginata
(188). Similarly, ferritin light chain and metallothionein
were putatively upregulated in DNA array screens for freeze
responsive genes in wood frog heart (187). These proteins
are also upregulated in several animal models of metabolic
rate depression including anoxia tolerance and mammalian
hibernation (194).

Links between heavy metal-binding proteins and insect
cold hardiness have also been discovered. Ferritin upregula-
tion in E. solidaginis was identified by use of Drosophila
cDNA arrays that compared 15◦C acclimated larvae with
those given exposures to 3◦C for 24 h, −4◦C for 4 h, or
frozen at −16◦C for 24 h; all cold/freezing exposures led to

fourfold to fivefold increases in ferritin heavy chain expres-
sion (196). Studies with beetles, Apriona germari, showed
twofold to fourfold increases in transferrin transcripts in
response to cold (4◦C), heat (37◦C) and other stresses (117).
In freeze-tolerant species, enhanced binding of metals might
be particularly important to lower the risk of damage due
to metal-catalyzed ROS formation over the winter because
freeze concentration of body fluids (when 65% or more of
body water turns to ice) would approximately triple free
metal concentrations in remaining body fluids. Furthermore,
iron sequestering is a known part of innate immunity in ani-
mals; by denying a source of iron, microbial growth is inhib-
ited (31). Hence, upregulation of ferritin iron-storage protein
and/or other iron binding or transport proteins (e.g., trans-
ferrin) over the winter may lower the risk of bacterial infec-
tion at a time when animals are poorly able to respond to
infection (i.e., frozen or in diapause). This may be another
important reason why iron binding proteins are enhanced in
multiple forms of hypometabolism (e.g., hibernation, estiva-
tion, and anaerobiosis) (194) since the dormant state may not
be conducive to mounting effective defenses by the innate or
adaptive immune systems. With respect to metallothionein,
another intriguing potential role for this protein in insects
was also suggested—direct action as an antioxidant due to its
high content of oxidizable cysteine residues (∼30% of total
amino acids) (214). Furthermore, antioxidant action might
also be a secondary function of the high cysteine AFPs found
in many freeze avoiding insects (236). The lipoprotein ice
nucleators of some insects may also have a potent action in
metal binding and contribute to detoxification during freezing
bouts (209).

Antioxidant enzyme activities are also modulated in
freeze-tolerant vertebrates, suggesting an important role in
winter freezing survival. In autumn-collected wood frogs,
24 h freezing exposure triggered a 20% to 150% increase in
GPox activity in all five organs tested but did not affect SOD,
catalase, GST, and GR (92). However, except for catalase,
the activities of antioxidant enzymes in wood frog tissues,
as well the concentrations of GSH, were very much higher
than in the same tissues of freeze intolerant leopard frogs
(R. pipiens) that hibernate underwater. This suggests that
high antioxidant defenses, either constitutive or seasonally
induced during autumn cold hardening contribute to natural
winter freezing survival in wood frogs. Freeze-tolerant hatch-
ling turtles also showed modulation of antioxidant defenses.
Catalase activity increased strongly in liver of hatchlings of
several turtle species in response to either anoxia or freez-
ing exposure (57). Antioxidant enzymes from two families
regulated by the Nrf2 transcription factor (a primary regu-
lator of antioxidant responses)—the GSTs and the aldo-keto
reductases—were also upregulated in C. p. marginata hatch-
lings (112). Freezing (5 h at −3◦C) triggered a significant
increase in nrf2 transcripts (1.5- to 2-fold) in brain, liver, and
skeletal muscle of hatchlings that led to comparable increases
in Nrf2 protein. In brain, this led to strong increases in the pro-
tein levels of multiple GST isozymes; GST P1, M1, K1, and
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A3 all increased by 1.5- to 2.4-fold. Freezing also triggered
increased amounts of GST P1, M1, M3, and K1 in hatchling
liver.

The antioxidant story seems to be somewhat different
in insects, however. A number of studies touch on antioxi-
dant enzymes and cold exposure of insects but there is still
relatively little known, especially for freeze-tolerant species
(summarized in 196). In freeze-tolerant E. solidaginis, the
activities of four enzymes of the antioxidant system (cata-
lase, GPox, GST, and GR) were high in September (while
the larvae were still feeding) but decreased by about 50%
over the midwinter months, and then generally rose again
in the spring prior to pupation. This pattern suggested that
antioxidant enzyme activities may parallel rates of oxygen
consumption (and of ROS generation) and/or the diapause
state in this species, especially given that multiple lines of
evidence indicate that mitochondria numbers fall by about
50% in the overwintering larvae (91, 93, 120, 133). However,
SOD activity stayed high throughout the winter. One possi-
ble reason for this is that SOD is highly effective in limiting
lipid peroxidation (131), particularly the vulnerable polyun-
saturated fatty acids (PUFAs) (83). Notably, both biological
membranes and lipid storage depots need an increased per-
centage of PUFAs to maintain fluidity at cold environmental
temperatures and so cold acclimation of animals typically
involves elevating PUFA content, either by adjusting diet to
eat foods with higher PUFA content (e.g., during late summer
fattening of hibernating mammals) (50) or by using desat-
urase enzymes to modify existing lipids and phospholipids,
as is part of cold acclimation in both fish and insects (41, 99).
Lipid content of overwintering insects is often very high with
large amounts of stored fat to fuel both winter and spring activ-
ities. For example, the lipid content of E. solidaginis is 17%
to 19% of larval wet mass over the winter months (94) and
is undoubtedly a primary fuel source for unfrozen larvae in
the winter, spring metamorphosis to the pupal and nonfeeding
adult stages, and reproductive activities. Hence, antioxidant
defenses that protect lipid reserves over the winter would be
very important.

The effects of freezing exposures on antioxidant sys-
tems in intertidal marine molluscs are not known but some
data is available for L. littorea responses to anoxia at low
temperature (5◦C). Given that low tide exposures of snails
to subzero air temperatures would impose both freezing
and anoxia on the animals, anoxia-responsive changes in
antioxidant enzymes are relevant. In general, the activities
of SOD, catalase, GPox, GST, and GR were unchanged or
reduced by about 50% in foot muscle and hepatopancreas
after anoxia exposure at 5◦C. However, activities generally
rebounded during aerobic recovery, in some cases increas-
ing to twofold higher than aerobic control values within 24 h
(151). The subsequent use of immunoblotting to character-
ize the protein expression of different GST subclasses in
L. littorea also revealed anoxia-responsive regulation. For
example, expression of GST S1 and T1 isozymes increased
strongly after 24 h anoxia exposure in foot muscle (2.6-

and 1.6-fold) whereas A3 and M3 contents decreased by
about one-half and A1/2, P1, and T2 isoforms were unaltered
(200).

Hypometabolism: Regulating Genes
and Proteins
Previous sections have outlined information about the genes
and proteins that contribute to freeze tolerance and the preser-
vation of cellular macromolecules in the frozen state. Restruc-
turing of selected parts of the proteome is clearly crucial for
freezing survival; for example, much of the early work on
insect cold hardiness documented the seasonal and/or cold-
induced increases in the activities of glycogen phosphory-
lase and the various enzymes needed for polyol synthesis
(reviewed in 185, 189, 190). However, also crucial to suc-
cessful freezing survival is the coordinated suppression of
many cell functions that are not needed while organisms are
cold and/or frozen and that are too energy expensive to run in
the frozen state where ATP is generated only from anaerobic
glycolysis. It would be illogical for cells to widely degrade
proteins and mRNA transcripts when organisms freeze or
transition into states of diapause or torpor because these will
be needed again immediately when animals rewarm and/or
thaw. This is especially true for proteins or processes that
contribute to reversing any accrued damage to cellular com-
ponents or the buildup of end products (e.g., lactate and GSH
conjugates) as well as processes that are needed for a seam-
less transition back to aerobic life (e.g., enzymes involved
in lipid use as a metabolic fuel). Hence, reversible mech-
anisms are needed that provide both global suppression of
metabolic functions and differential regulation of various cell
processes. Energy expensive, yet “optional” cell functions are
frequent targets including transcription and translation and the
larger functions that these serve including cell division, devel-
opment, and growth. Control mechanisms are needed that
are fast-acting, readily reversible, and ATP inexpensive. Two
such control mechanisms are particularly intriguing and are
discussed below. The first is the reversible storage of mRNA
transcripts regulated via the actions of microRNA. The second
is reversible protein phosphorylation which is well known as
the most broadly used metabolic control mechanism for coor-
dinating changes in the activities and properties of cellular
proteins during transitions to and from hypometabolic states
(193, 194).

MicroRNA and posttranscriptional regulation
of gene transcripts
One of the hottest current areas of biochemical research is
exploration of the roles of noncoding RNA in the regula-
tion of transcription and translation. Multiple noncoding RNA
types are recognized and classified by their sizes (micro 18–
23 nt, small 20–200 nt, and long >200 nt) and/or their actions

Volume 3, July 2013 1297



JWBT335-c130007 JWBT335-CompPhys-3G Printer: Yet to Come May 22, 2013 9:16 8in×10.75in

Molecular Biology of Freezing Tolerance Comprehensive Physiology

(e.g., antisense and small interfering) (138, 157). In partic-
ular, the role of microRNAs in the posttranscriptional regu-
lation of mRNA transcripts is proving to be very important
and is now known to stretch to virtually every facet of cellu-
lar metabolism including organismal responses to biotic and
abiotic stresses and to multiple disease states. Hundreds of
miRNAs are encoded in each animal genome, encompassing
about 1% to 2% of all genes and more than 60% of protein-
coding genes are computationally predicted to be targets
for miRNA binding (67). Interactions between mRNA and
microRNA offer enormous scope for fine-tuned regulation of
gene expression because not only can each microRNA species
bind to multiple different mRNA transcripts but each type of
mRNA transcript may be targeted by multiple microRNA
species (130). MicroRNA synthesis starts with RNA tran-
scripts that are about 70 nt long; these are then processed by
the endonucleases Drosha (in the nucleus) and Dicer (in the
cytoplasm) into their mature forms (Fig. 4). Mature microR-
NAs then join the RNA-induced silencing complex, where
they guide the RISC proteins to the target mRNAs and anneal
to their 3′-untranslated regions (11). If base-pairing com-
plementarity between the target mRNA and an miRNA is
high or perfect, this generally leads to mRNA degradation
by the argonaute endonuclease in the RISC but if pairing is
imperfect it leads instead to reversible translational repres-
sion of the mRNA via storage into P bodies and stress
granules (11).

With respect to microRNA involvement in responses
to abiotic stress, including low temperature and freezing,
research is going forward fastest in plant biochemistry (e.g.,
10, 28, 80) but several recent studies have explored microRNA
involvement in animal freeze tolerance. One common theme
that has emerged is an increase in the levels of multi-
ple microRNA species in response to stresses that induce
metabolic rate depression. This facilitates repression and
sequestering of mRNA transcripts into storage granules dur-
ing periods of hypometabolism when energy-expensive pro-
tein synthesis is suppressed and correlates with other forms
of stress-responsive suppression of transcription and trans-
lation including SUMOylation-mediated inhibition of tran-
scription factor action in the nucleus, polysome dissociation
in the cytoplasm, and reversible phosphorylation mediated
inhibition of key ribosomal initiation and elongation factors
(14, 195). By safely sequestering mRNA transcripts, they are
retained throughout the hypometabolic period and available
for a very rapid resumption of translation when organisms
exit from the hypometabolic state and need to quickly read-
just themselves for active life.

Freeze-responsive changes in miRNA levels have been
explored in four animal model species of freeze tolerance:
wood frogs (R. sylvatica), painted turtles (C. picta), goldenrod
gall flies (E. solidaginis), and marine periwinkles (L. littorea)
(15, 17, 47, 127, 176). For example, levels of miR-16 and miR-
21 increased significantly by 1.5-fold in liver of wood frogs
during 24 h freezing at −3◦C and miR-21 also rose by 1.3-fold
in skeletal muscle as compared with 5◦C-acclimated controls

(15). Using the newly sequenced painted turtle genome, the
precursor sequence of pre-miR-29b was retrieved and mod-
eling showed that its predicted secondary structure contained
a larger terminal stem loop than is known for mammalian or
other turtle (Apalone spinifera) pre-miR-29b sequences (176).
Altered secondary structure can modify microRNA process-
ing by Dicer and might be adaptive for species living at very
cold temperatures. Levels of miR29b, which is known to be
involved in DNA methylation and regulation of glucose trans-
port, increased significantly in turtle liver in response to 24 h
freezing of hatchlings. In E. solidaginis, a comparison of 5◦C
acclimated controls and −15◦C frozen larvae using a miRNA
microarray revealed suppressed levels of seven microRNA
species in frozen larvae and elevated levels of miR-284, miR-
3791-5p, and miR-92c-3p when frozen, indicating differential
control over their target mRNA transcripts when larvae freeze
(47). A further study found that miR-1 levels in E. solidagi-
nis were unchanged by cold exposure (−5◦C) as compared
with 5◦C controls but increased strongly by 1.9-fold when
larvae froze at −15◦C (127). By contrast, parallel exposures
of freeze avoiding E. scudderiana larvae to these same three
temperatures had no effect on miR-1 levels. Hence, a spe-
cific link between miR-1 action and freeze survival is impli-
cated. MiR-1 has been linked with translational repression
of multiple genes, notably histone deacetylase 4 (HDAC4)
and Hsp60.

A more extensive analysis of microRNA involvement in
the responses to freezing and anoxia stresses was under-
taken with freeze-tolerant intertidal snails, L. littorea. Sev-
eral microRNAs known to influence the expression of genes
involved in the cell cycle, cell signaling pathways, carbohy-
drate metabolism, and apoptosis were evaluated, comparing
10◦C acclimated control snails with snails given 24 h freez-
ing at −6◦C or 24 h anoxia exposure at 10◦C (16, 17). In
foot muscle, freezing triggered significant twofold to three-
fold increases in the relative levels of six microRNA species
as compared with controls and anoxia similarly elevated five
microRNAs (Fig. 4). In hepatopancreas, three microRNA
species rose in response to either stress. Interestingly, miR1a-
1 increased strongly in both foot and hepatopancreas under
both stresses and this plus miR34a and miR29b were freeze
responsive in both tissues. The microRNA species upregu-
lated under both abiotic stresses may target gene transcripts
whose expression is suppressed as part of low oxygen sur-
vival and/or metabolic rate depression which is common to
both stresses. However, the unique elevation of miR-125b
during freezing could indicate a specific role in cold or freez-
ing survival. Indeed, miR-125b is cold inducible in zebrafish
embryos and is predicted to interact with mRNAs that encode
proteins involved in apoptosis, cell-cycle arrest, and the p53
network; all are processes that are differentially regulated
under stress conditions. In addition, protein levels of the Dicer
endonuclease were strongly elevated in response to both 24 h
freezing and 24 h anoxia in foot muscle, by 2.5- and 3.1-
fold, respectively (17). A greater amount of Dicer protein
suggests enhanced production of mature miRNAs in stressed
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Figure 4 (A) Synthesis of microRNA. Primary transcripts are transcribed by RNA
polymerase II and processed by riboendonucleases (Drosha, Dicer) into single-
stranded mature microRNAs. These then join a microRNA-induced silencing com-
plex (miRISC) and bind to mRNA transcripts at their 3′-UTR to repress translation. (B)
The freeze-tolerant marine intertidal snail, Littorina littorea. (C) Relative expression
levels of six miRNA species and Dicer protein levels in foot muscle showing effects
of freezing (24 h at −6◦C) or anoxia (24 h under a N2 gas atmosphere at 10◦C), as
compared with 10◦C controls. Expression levels of miRNAs are normalized against
5S rRNA expression from the same samples. Data are mean ± SEM, n = 3-4. “a”
shows values that are significantly different from the corresponding control (P <

0.05); “b” shows values that are significantly different from corresponding freezing
group. Modified, with permission, from Biggar et al. (17). Photo by JM Storey.
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cells leading to increased storage of selected mRNA tran-
scripts and contributing to global translational suppression
under anoxia or freezing conditions. Indeed, the characteris-
tics of microRNA action fit well with the prediction that the
molecular mechanisms of metabolic rate depression must be
broadly applicable, readily coordinated, easily induced, and
readily reversed (194).

Reversible protein phosphorylation control
of metabolism
Reversible phosphorylation, via the addition of covalently
bound phosphate to serine, threonine, or tyrosine residues
on proteins by protein kinases or the removal of phosphate
by protein phosphatases, is a well-documented mechanism
for coordinating responses by enzymes and functional pro-
teins to stress imposed on cells and mediating, when neces-
sary, the transition into a hypometabolic state (193, 194). Via
protein kinase or protein phosphatase action, target proteins,
and enzymes undergo conformational changes that can have
profound consequences for their activity, kinetic properties,
association or dissociation of subunits, interactions with other
proteins, or their subcellular compartmentation. Reversible
phosphorylation is not only a crucial regulatory mechanism

for controlling and altering the activities and properties of
many metabolic enzymes and functional proteins (e.g., ribo-
somal initiation and elongation factors) but it also regulates the
action of transcription factors (thereby having a major impact
on the upregulation of specific genes during freeze-thaw),
and controls the on/off activity of most cellular signaling cas-
cades. With respect to freeze tolerance, multiple examples
of reversible phosphorylation control have been documented.
For instance, the plasma membrane Na+K+-ATPase is typ-
ically the greatest single consumer of ATP in cells and the
failure of this ion pump due to ATP insufficiency is a main
cause of tissue injury in situations such as heart attack or
stroke when oxygen availability is cut off (87). Hence, for
freezing survival, the activity of Na+K+-ATPase and other
ATP-dependent ion pumps that move ions against their con-
centration gradients must be suppressed and coordinated with
a comparable inhibition of ATP-independent ion channels
that facilitate ion movement down their concentration gra-
dients. Studies with freeze-tolerant gall fly larvae, E. sol-
idaginis, have illustrated this principle for Na+K+-ATPase
and sarco(endo)plasmic Ca2+-ATPase (SERCA). Activities
of both ion pumps in E. solidaginis were highest in early
autumn, strongly reduced by 80% to 85% in midwinter and
rose again in March to April (Fig. 5) (132, 134). A simi-
lar midwinter suppression of both pumps by 65% to 75%
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Figure 5 Na+K+-ATPase and sarco(endo)plasmic Ca2+-ATPase (SERCA) in larvae of freeze-tolerant Eurosta sol-
idaginis. (A and C) Seasonal changes in Na+K+-ATPase and SERCA activities in larvae sampled in the second week of
each month. (B and D) Effect of in vitro incubations to stimulate endogenous protein kinases (PKA, PKG, or PKC) or the
addition of exogenous calf-intestinal alkaline phosphatase (CIAP) on ATPase activities in extracts from 15◦C-acclimated
larvae. Data are means ± SEM, n = 3-5. ∗ shows values that are significantly different from corresponding Sep/Oct
or control values, P < 0.05; ∗∗ shows values that are different from all other months. Modified, with permission, from
McMullen and Storey (132, 134).
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occurred in the freeze avoiding larvae of E. scudderiana (132,
134) which suggests that the suppression of these ion motive
pumps is one important part of the global reduction in ATP
turnover that occurs during diapause. Notably, SERCA activ-
ities changed over the winter months but SERCA protein
content did not change in E. solidaginis and actually rose
six- to eightfold in E. scudderiana. Clearly, then, a posttransla-
tional mechanism of ion pump suppression was indicated and
proved to be reversible phosphorylation. Stimulation of pro-
tein kinases A, G, or C all strongly reduced Na+K+-ATPase
and SERCA activities and this was reversed by phosphatase
treatment (Fig. 5) (132, 134). Kinetic analysis of E. scudde-
riana SERCA also showed that enzyme properties were sig-
nificantly changed by phosphorylation; for example, SERCA
from −20◦C acclimated larvae had a 3.2-fold higher Km ATP
(i.e., a much lower substrate affinity) than the enzyme from
15◦C control larvae (132). Comparable regulation of Na+K+-
ATPase or SERCA by reversible phosphorylation has been
demonstrated in hibernating mammals and estivating snails
supporting the universality of the mechanism as a means of
metabolic rate depression (193, 194).

The same principle of the use of reversible protein phos-
phorylation to adjust the activities and properties of enzymes
for different metabolic needs has been documented for a vari-
ety of other enzymes from freeze-tolerant animals. For exam-
ple, in L. littorea foot muscle and hepatopancreas, the effects
of anoxia or freezing on the activities and properties of four
enzymes of carbohydrate metabolism (glycogen phosphory-
lase, glycogen synthase, pyruvate kinase, and pyruvate dehy-
drogenase) were consistent with covalent modification of the
enzymes via reversible protein phosphorylation that converted
them to less active forms (169). This control mechanism is
well known to be central to long term anaerobiosis by marine
molluscs and it appears that the same anoxia-induced mech-
anisms of metabolic rate depression are called into service
when the snails freeze (19).

Reversible protein phosphorylation is also crucial to the
regulation of selected enzymes in the pathways of cryoprotec-
tant polyol synthesis in insects. Cold exposure is well known
to activate glycogen phosphorylase, increasing both protein
amount and the percentage of the enzyme in the active phos-
phorylated state (for review, see 189, 190). This increases
glycogen breakdown but other controls are needed to direct
carbohydrate flux into the desired polyol products. In E. scud-
deriana, for example, coordinated changes in the activities of
other enzymes by modulating their phosphorylation state pro-
motes glycerol synthesis (via regulation of polyol dehydro-
genase) (88) and inhibits the reconversion of glycerol back
into glycogen during the winter months (via inhibition of
glycogen synthase and the gluconeogenic enzyme fructose-
1,6-bisphosphatase) (141,142). Similar principles regulate the
rapid freeze-induced production of glucose as the cryopro-
tectant by wood frog liver. Protein phosphorylation medi-
ates both the activation of glycogen phosphorylase and the
opposite inhibition of glycogen synthase leading to a mas-
sive glycogenolysis that not only increases liver glucose from

∼5 mmol/L in controls to >200 mmol/L in frozen frogs
but fuels the export of huge amounts of sugar to all other
organs (170, 189). The suppression of glycogen synthase is
mediated by a strong freeze-stimulated dephosphorylation of
glycogen synthase kinase 3 which activates this kinase and,
in turn, allows it to phosphorylate and inactivate glycogen
synthase (54). To maintain high glucose levels, other controls
are also put in place. Fates for glucose-6-phosphate other than
dephosphorylation to glucose are inhibited. For example, liver
glucose-6-phosphate dehydrogenase, the first enzyme of the
pentose phosphate cycle, is inhibited by dephosphorylation of
the protein to produce a less active enzyme with a lower affin-
ity for its substrate (55). Glucose uptake by nonhepatic tissues
is typically linked to immediate phosphorylation of the sugar
by hexokinase as the first step in using glucose as a metabolic
fuel. To prevent this, a study of skeletal muscle hexokinase
showed that the enzyme was dephosphorylated and inhibited
in frozen muscle (reducing activity and substrate affinity),
thereby aiding retention of high glucose in muscle cells to act
as a cryoprotectant (56).

Cell-cycle regulation
Cell proliferation is a costly process involving not only DNA
duplication but also the synthesis of many other macro-
molecules (proteins, membranes, etc.). Inhibition of the cell
cycle occurs routinely when organisms experience nutrient or
oxygen limitation or other forms of environmental stress and
is a characteristic of various hypometabolic states across the
animal kingdom including dauer in C. elegans, diapause in
insects and in the embryos of many species, and mammalian
hibernation (59, 110, 148, 155, 225). There is considerable
medical interest in low oxygen-related cell-cycle arrest, par-
ticularly as it relates to tumor growth, but overall, relatively
little information about cell-cycle control in species with well-
developed anoxia or freeze tolerance (13). Two recent studies
have probed cell-cycle regulation in R. sylvatica, examin-
ing responses to freezing as well as to two of its individual
components, anoxia, and dehydration (167, 240). In simplest
terms, progression through the stages of the cell cycle is reg-
ulated by cyclin-dependent kinases (Cdks) (Fig. 6). Multiple
upstream stimuli including growth factors trigger signaling
cascades that lead to the sequential activation of the specific
Cdks that drive each phase of the cell cycle (13, 82, 147). Cdk
activation is dependent on binding to a phase-specific regula-
tory protein, called a cyclin, as well as dephosphorylation of
conserved inhibitory sites (Thr14 or Tyr15) by cell division
cycle 25 phosphatases (Cdc25s) or binding of Cdk inhibitor
proteins (p21 and p27).

Analysis of the responses to 24 h anoxia or 40% dehy-
dration by Cdks (Cdc 2, Cdk 2, 4, and 6) and their activating
cyclins (A, B1, D1, and E) in wood frog liver were all con-
sistent with strong cell-cycle suppression under stress and its
reversal during recovery. For example, in liver, protein lev-
els of Cdc 2, Cdk 4, and Cdk 6 all decreased by about 60%
under anoxia and overall phosphorylation of Cdks, which
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Cyclin-B : Cdk 1

Cyclin-D : Cdk 4/6
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Figure 6 The four stages of the cell cycle showing the Cdk and cyclin pairs that regulate
each stage. The kinase activity of the cyclin:Cdk complex activates substrates that regulate the
progression and completion of each phase.

inhibits their activity, increased by 2.7-fold (240). All was
reversed during aerobic recovery. Comparable changes in
Cdks occurred in response to dehydration in liver and pro-
tein levels of all four cyclins also decreased significantly
under stress but rebounded during recovery. Phosphorylation
of Cdc25a and Cdc25c on Ser76 and Ser 216 also increased
strongly by threefold to fourfold in response to both anoxia
and dehydration; phosphorylation has negative effects on the
Cdc25 phosphatases, setting them up for ubiquitin-mediated
proteolysis. Stress-mediated inhibition and/or degradation of
these phosphatases are consistent with the large increase in
Cdk phosphorylation state under the same conditions. Anoxia
or dehydration also generally led to strong decreases in the
phosphorylation state of the p21 (Thr145) and p27 (Thr 187)
Cdk inhibitor proteins which would also cause greater inhibi-
tion of cyclin-Cdk complexes in the stress state.

Responses to whole body freezing (24 h at −2.5◦C)
by cell-cycle components in wood frog liver showed many
of the same elements seen in anoxia or dehydration stress
but differed markedly in three crucial areas: responses by
cyclin D1, Cdc25 phosphatases, and p21/p27 (Fig. 6)(240).
Unique among the cyclins, cyclin D1 increased by 1.8-fold
in response to 24 h freezing and further rose by threefold
after thawing. The phosphorylation state of Cdc25a in liver
decreased during freezing (indicating enhanced activity)
whereas both phospho-Cdc25a and phospho-Cdc25c contents
rose after thawing. Phosphorylation of both p21 and p27
increased in liver of frozen frogs, the opposite to what
was seen under anoxia or dehydration. This may indicate
alternate actions by these proteins that are important for
cryoprotection. Notably, cyclin D1 protein levels increased

during freezing in liver (but not under anoxia or dehydration)
whereas its partners (Cdk 4 and 6) did not. This suggested
that freeze-specific changes in cyclin D1 were not related to
cell cycle control. A recent study gave a clue to a possible
alternate action of cyclin D1 during freezing by demonstrat-
ing that the protein can act as a transcription factor. Cyclin
D1 upregulated the notch1 gene which encodes the Notch1
transmembrane receptor, a core component in the Notch
signaling pathway (12). Of particular interest is the fact
that this pathway can promote hepatic glucose production
by upregulating the gene for glucose-6-phosphatase (149).
This could be crucial for the output of cryoprotectant from
wood frog liver because of the need to synthesize and excrete
extremely large amounts of glucose within a few short hours
as the frog freezes; indeed, plasma glucose levels rapidly rise
by 50-fold or more (Fig. 2). Glucose-6-phosphatase is the ter-
minal step in converting glucose-6-phosphate (derived from
glycogen) into glucose for export. Triggering this massive
glucose output has previously been linked with β-adrenergic
signaling, which stimulates a large increase in liver glycogen
phosphorylase activity within minutes when freezing begins
(192) and with very high levels of glucose transporters
in wood frog hepatocyte plasma membranes (106, 107).
However, a rapid increase in liver glucose-6-phosphatase
activity may be just as crucial to glucose production.

Conclusion
The study of natural freeze tolerance in nature has come a
long way in the past 60 years. Groundbreaking discoveries by
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the initial researchers in the field identified the unique adapta-
tions of cryoprotectants, AFPs, and INPs, and provided huge
amounts of data about the ecophysiological role of freeze
tolerance as well as the limits of freezing survival and the
underlying biological reasons that defined those limits. More
recently, many researchers have delved deeply into the bio-
chemistry of freeze tolerance to begin to define the many ancil-
lary molecular mechanisms that facilitate freezing survival
(e.g., AQPs and other membrane transporters, chaperones,
antioxidants, metabolic rate depression, etc.) as well as eluci-
date the precise biophysical mechanisms that allow antifreeze
and ice restructuring proteins to do their job. Although much
is now known, this article shows that there is still much more
to learn. The data from genomic and proteomic studies repeat-
edly highlight areas of cell biology and metabolism that need
to be investigated. The demonstration of freeze responsive
or seasonal changes in the expression of multiple types of
cytoskeletal proteins shows that cytoskeletal remodeling must
be a part of natural freezing survival and requires our atten-
tion. Altered expression of RNA-binding proteins and ribo-
somal proteins shows that much more remains to be learned
about how mRNA and protein synthesis is reversibly regu-
lated during transitions to or from the frozen state. Repeated
identification of membrane transporters suggests that many of
these need to be adjusted in amount or isoform to allow their
functions to continue over a wide range of subzero tempera-
tures, in particular the crucial membrane proteins related to
ATP synthesis and translocation. Many more careers worth of
research remain until we will finally understand the biology
and biochemistry of life in the frozen state.
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