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The Mechanism of Low-
Temperature Tolerance in Fish
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Abstract

In this chapter, we cover the life history of fish
in low-temperature environments, including
their overwintering behavior and the physio-
logical mechanisms by which they maintain
life in cold environments, based on research to
date. There is relatively little research on low-
temperature tolerance of fish, compared with
research on this phenomenon in mammals and
birds, which are also vertebrates, and the
mechanisms in fish have not been fully eluci-
dated. First, we cover the life history of fish
that overwinter by entering dormancy or
hibernation. Next, we describe the mechanism
that controls body temperature in fish that sur-
vive low-temperature environments. Finally,
we introduce the physiological mechanisms
for survival in extremely low-temperature
environments, particularly antifreeze
proteins.
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Abbreviations

ACTH  Adrenocorticotropic hormone

AFGP Antifreeze glycoprotein

AFP Antifreeze protein

CDC48  Cell division cycle protein 48

GH Growth hormone

GTH Gonadotropic hormone

LDLR Low density lipoprotein receptor

MO, Muscle oxygen consumption

MSH Melanophore-stimulating hormone

PRL Prolactin

SERCA  Sarco-endoplasmic reticulum Ca’+
ATPase

SL Somatolactin

TH Thyroid hormone

TSH Thyroid-stimulating hormone

9.1 Introduction

In fish, which are ectothermic (heterothermic)
animals, the temperature of the environment is a
major factor controlling phenomena such as
growth and breeding because their body tempera-
ture is affected by ambient water temperature
(Brett 1971; 1979). Fish move in search of a suit-
able water temperature (Schurmann and
Christiansen 1994; Claireaux et al. 1995).
Recently, it has been reported that several fishes
control their body temperature using a heat
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Most fish species are classified
into ectothermic types.

Fig. 9.1 Example of ectothermic and endothermic fish. In fish, there are some species having heat generation system,
which is called endothermic fish, although fish is categorized into ectothermic type basically

generation system, in addition to moving to areas
with appropriate water temperature. This group
of endothermic fishes includes the bigeye tuna
Thunnus obesus and the opah Lampris guttatus
(Holland et al. 1992; Wegner et al. 2015)
(Fig. 9.1). However, the temperature that they can
retain is not high compared with that of homeo-
thermic animals. Furthermore, they lack a heat-
radiating mechanism for keeping the body
temperature constant, which homeothermic ani-
mals possess.

How do fish respond to ambient temperature
change? One way is behavioral thermoregula-
tion, in which fish move to an area with suitable
water temperature to maintain homeostasis for
continuing physiological functions. As the opti-
mum temperature differs for various physiologi-
cal phases, such as growth and maturation, fish
must migrate according to their temperature
requirement for each phase in the life cycle.

Migratory fish are able to travel through a
wide area, but fishes that have poor swimming
ability and inhabit a specific environment are

forced to adapt to the ambient temperature, even
if the temperature fluctuation is large. These spe-
cies respond to adverse conditions (i.e., when the
water temperature deviates from the appropriate
range) by reducing their physiological activity as
much as possible. Especially in areas with cold
water, fish generally cease physiological activity
during the winter season, a condition that is
extremely close to the state of hibernation.

Meanwhile, fishes living in environments
where the water temperature is low throughout
the year, such as the polar zone, have physiologi-
cal mechanisms for adapting to low water tem-
peratures. Some of these adaptations include the
synthesis of an antifreeze protein (AFP) and anti-
freeze glycoprotein (AFGP) (Harding et al. 2003;
DeVries and Cheng 2005), formation of tubulin
that can be synthesized at low temperature
(Guderley 2004), and lack of hemoglobin
(Hemmingsen 1991).

This chapter will explain adaptations to low
water temperatures in fish, focusing on three top-
ics: hibernation, body temperature control, and
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the mechanism of tolerance to low water
temperatures.

9.2 Dormancy of Fish at Low

Temperatures

It is difficult to define hibernation in fish.
Hibernation refers to a low metabolic state that
animals enter under a low-temperature environ-
ment, during which they reduce their basal
metabolism and consume less energy. This adap-
tation to winter is well known in mammals (see
Chap. 3). Hibernation is characterized by mainte-
nance of an extremely low metabolic state with
unusual physiological conditions such as low
breathing, low heart rate, low body temperature,
etc. It is necessary to have a mechanism to main-
tain life even at low temperature. However, the
condition is not considered hibernation if the
physiological conditions are maintained in an

active state like sleep, even if the animals have
temporarily stopped active behavior and their
metabolic activity is suppressed for a long time.
These conditions, which are often observed in
fish during the winter season, are considered low-
temperature dormancy or winter dormancy
(Fig. 9.2). Interestingly, some species of fish,
such as the Japanese sandeel, enter dormancy
during the summer season, when it is called aes-
tivation (Tomiyama and Yanagibashi 2004). As
the sleeping state has been observed in fish not
only in winter but in summer, the condition is
typically considered dormancy. However,
recently fish displaying characteristics that are
similar to hibernation have been observed
(Campbell et al. 2008).

As described above, fish are classified as het-
erothermic animals whose body temperature
depends on the ambient water temperature,
except for some fish species that produce heat by
themselves (endothermic fish). Therefore, during

Fishes having a dormancy mechanism

Hibernation type dormancy (Campbell 2008)
Heart rate, oxygen consumption decrease in low temperature.
The range of activity is extremely limited under low temperature condition.

Black rockcod, Notothenia coriiceps

The fish spend sedentary within a refuge. Dormancy is interrupted with

periodic arousals in a similar manner to other hibernation species.

/T
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Mudskipper

Periophthalmus modestus,

P koelreuteri,

Boleophthalmus pectinirostris,
B boddarti

PR T

Dojo loach, Misgurnus anguillicaudatus

Hibernation type dormancy?
The fish spend with out moving in the burrow into the mud duringwinter
(Tytler and Vaugham1982; Takegaki et al, 2006) . It is easy to capture the
sleeping fish from the mud field.
There is no physiological information during dormancy.

Hibernation type dormancy?
The fish spend without moving in the burrow into the semi-dry mud during
winter. In the burrow, fish may depend on cutaneous respiration without
branchial respiration.

The information on dormancy of the dojo loach is only described in a
guidebook and report on aquaculture.

A

Winter (low temperature) dormancy (Winslade 1974; Quinn 1999)

Swimming activity is reduced.

Lesser sandeel, Ammodytes marinus
Pacific sandlance, Ammodytes hexapterus

These species spend in the borrow into the sand in winter.

Winter (low temperature) dormancy

a~(

Common carp, Cyprinus carpio

Fig. 9.2 Summarization of dormancy of fish

Swimming activity is reduced.

The fish spends in the refuge and moves hardly in winter.

The information on dormancy of the carp is only described in a guidebook
and report on aquaculture.
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periods when the water temperature is low, many
fish species move to areas with more suitable
temperature where they can maintain normal
activities. Other fish species enter a low-
temperature dormancy during the winter season.
The physiological state of the fish during this
low-temperature dormancy, as well as the mecha-
nism causing the dormancy, differs from hiberna-
tion in mammals, which are homeothermic
animals.

The Pacific sandlance Ammodytes hexapterus
(Quinn 1999), the lesser sandeel A. marinus
(Winslade 1974), and the black rock cod
Notothenia coriiceps, inhabiting the Antarctic
(Campbell et al. 2008), are fish that reduce their
physiological activity in the winter season.
Although it is not described sufficiently in the
scientific literature, the phenomenon of low-
temperature dormancy is known also in the dojo
loach Misgurnus anguillicaudatus and the mud-
skippers  Periophthalmus ~ modestus ~ and
Boleophthalmus pectinirostris, which escape by
burrowing under sediment in the winter season.
However, the strategy for entering a low meta-
bolic state varies by species.

The lesser sandeel, inhabiting the North Sea,
burrows into sand during winter when the water
temperature is low (Winslade 1974). In the
coastal areas of the UK, this burrowing behavior
is observed from January, after spawning, until
April. Among fish reared in different water tem-
peratures (5 °C, 10 °C, and 15 °C), swimming
activity was reduced at 5 °C, although activity
levels of fish at 10 °C and 15 °C remained high
(Winslade 1974). The burrowing behavior
appeared to be a response to decreased water
temperature. In addition, the burrowing may be
related to fat stores, which are probably at their
lowest level after spawning. Burrowing as an
overwintering strategy appears to be an effective
way to retain energy lost during spawning and
also reduces vulnerability to predation. The phe-
nomenon may be regarded as an adaptation to
survive a period of unsuitable environment in the
fishes’ life cycle.

N. coriiceps is a teleost that inhabits the
Antarctic (Hubold 1991; Knox 2006) and has
antifreeze proteins to prevent the freezing of

body fluids, even when the water temperature
falls below the freezing point (see Sect. 9.5).
Although the annual changes in temperature in
the Antarctic marine environment are small and
the environment is considered thermally stable,
this species also reduced its activity levels during
the winter season to save metabolic energy
(Campbell et al. 2008). From May to November,
when the water temperature decreases rapidly to
around —2 °C, the growth rate in N. coriiceps is
sharply suppressed and the heart rate (fH) also
decreases. The heart rate is positively correlated
with oxygen consumption (MO,), and it was
found that MO, also decreases during the period
of low water temperature. Campbell et al. (2008)
also reported interesting results from behavior
tracing of fish, using a static hydrophone array
throughout the year.

N. coriiceps had a wide range of activity dur-
ing the summer season (from December to May).
However, from June to August, the low-
temperature period, the range of activity was
extremely limited. A scuba diver observed that N.
coriiceps found at 18 m depth, in water that was
—1.8 °C, was not able to move and indicated no
response even if the diver was holding the fish.
Dormancy in N. coriiceps involves the active
suppression of MO, and fH irrespective of tem-
perature, suggesting that some other cue factor
initiates dormancy rather than temperature, such
as reduction of light in winter. These changes
induce a reduction in the growth rate, as reported
in other Antarctic notothenioids (Coggan 1997).
Dormancy in N. coriiceps is distinct from the
dormancy observed in temperate fish. The degree
of physiological suppression in this fish is similar
to that of hibernating animals. Therefore, dor-
mancy in N. coriiceps is considered to be
hibernation.

The Japanese mudskippers P. modestus and B.
pectinirostris enter dormancy during a low-
temperature phase. These species have the ability
to breathe air and can move on the surface of a
muddy tidal flat using their pectoral fin (Pace
2017). They burrow into the mud to nest and
spawn in the burrow (Martin and Ishimatsu
2017). Their behavior and spawning depend on
water temperature, with an active period from
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spring to early winter. However, in winter when
the temperature drops, the mudskipper escapes
into a mud burrow. We observed that P. modestus
disappeared from the surface of tidal flats in late
November, after which it did not leave the mud
burrow. The burrow in the tidal mud remains
approximately 3 °C warmer than the surface of
the tidal flat, which is exposed to the outside air
and experiences low temperatures in the winter
(Soyano et al. unpublished data). In Ariake
Sound, Japan, the mud temperature remained
between 5 and 8 °C at a depth of 30 cm during the
coldest season (Takegaki et al. 2006). When we
excavated a mud burrow in February, the time of
year when the ambient temperature was lowest,
the dormant mudskipper was easily captured
from the burrow. The fish was a state of dormancy
just after capture, although it awakened and
moved a short time later when the ambient tem-
perature was lower than that of the mud burrow.

The fH and MO, in N. coriiceps are reduced
during hibernation (Campbell et al. 2008).
Unfortunately there are no data about heart rate
and body temperature in the mudskipper before
and after winter dormancy, but fH and MO, is
expected to decrease during winter dormancy in
this species. The mechanism appears to be simi-
lar as in hibernation. However, B. pectinirostris
often dies during hibernation. In a rearing experi-
ment that explored tolerance to low temperatures,
most individuals of this species died within 24 h
at 3 °C and within 15 days at 7 °C under continu-
ous low-temperature conditions (Takegaki et al.
2006). This outcome indicates that the tempera-
ture tolerance limit of the fish was exceeded.

Another mudskipper species P. koelreuteri
and B. boddarti inhabiting Kuwait enters dor-
mancy when the ambient temperature falls below
10 °C in winter, while the fish maintains high
activity levels at 14-35 °C. This species also
remains in the burrow during cold periods to pre-
vent loss of body temperature (Tytler and
Vaughan 1982). The mudskipper also appears to
use the burrow to reduce the risk of predation
associated with the suppression of behavior
accompanying low metabolism.

9.3 Thermoregulation in Fish
Thermoregulation in ectothermic animals,
including most species of fish, depends on the
environmental temperature. Ectothermic fish reg-
ulate their body temperature by moving to an
area with appropriate water temperature to main-
tain homeostasis and continue normal physiolog-
ical function, which is known as behavioral
thermoregulation. In contrast, fish that generate
heat using a physiological thermoregulation
mechanism and maintain a body temperature that
is higher than that of the ambient water tempera-
ture are termed endothermic fish (Holland and
Sibert 1994; Nakamura et al. 2015; Wegner et al.
2015). This ability enhances their ability to
engage in feeding and swimming behavior and
increases their physiological activity. However,
fish with this ability constitute fewer than 0.1%
of fish species. Moreover, the thermogenic sys-
tem in fish can warm only a limited part of the
body, whereas mammals are completely endo-
thermic animals. Thus, fish with this ability are
called regional endotherms (Wegner et al. 2015).
They include the swordfish Xiphias gladius
(Carey and Robinson 1981), the Atlantic bluefin
tuna Thunnus thynnus (Block et al. 2001), the
Pacific bluefin tuna T. orientalis (Kitagawa et al.
2006), the bigeye tuna T. obesus (Holland and
Sibert 1994), the mako shark Isurus oxyrinchus
(Bernal et al. 2001), and other large pelagic pred-
atory fish that dive into deep water to find food.
For example, mean body temperature is main-
tained at 4 °C above the ambient water tempera-
ture in the blue shark Prionace glauca, because
the rate of warming in the body is higher than the
rate of cooling due to the environmental water
(Carey and Scharold 1990).

In the bluefin tuna and the skipjack tuna, ther-
moregulation is carried out by passing oxygen-
ated blood from the gills into the counter-current
vascular retia, warm venous blood vessels that
go to the heart from the swimming muscles
(Carey and Lawson 1973; Stevens et al. 1974,
2000). According to a study that measured the
temperature of red muscle, white muscle, and
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Heat generation (red muscle) l Heat exchange retia (counter-current vascular retia)

Gas (CO,-0,) exchange

Cool blood
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Brain heating
mechanism

Heat exchange (re-heating)
in counter-current vascular
retia in gill

Warm blood EB+A

=

A Brain heating
mechanism

AB Cool blood

ABA: afferent branchial artery
AFA: afferent filament artery

EBA: efferent branchial artery in gill

Fig. 9.3 Heat generation and exchange system in fish.
There are two type of body warming in fish. (a) Partially
body warming. The bluefin tuna and swordfish are
known as this type, which utilize the red muscle as heat

the stomach in the mako shark I. oxyrinchus,
body temperature is higher than ambient tem-
perature (Bernal et al. 2001). This study showed
that the shark has vascular networks (retia mira-
bilia) that act as counter-current heat exchang-
ers, allowing metabolic heat retention in certain
regions of the body, and the mechanism to regu-
late heat transfer is similar functionally and mor-
phologically to that in tuna (Bernal et al. 2001)
(Fig. 9.3). Such partial elevation of body tem-
perature improves temperature-sensitive physio-
logical processes such as a digestion, metabolism,
nervous system function, and locomotion
(Graham and Dickson 2001).

Interestingly, fish can use temperature control
to enhance the function of the eyes and brain.
Swordfish have a particularly high ability to use
their heating function to increase the temperature

to internal organs -

>\ T

=
OA=
=]

=

Gas (CO,-0,) exchangé

Supply the warm blood

Heat generation
(pectoral musculature)

bl
o %

Warm blood

generator. (b) Whole body warming. The opah is known
as this type, which has the characteristic structure in gill
and pectoral musculature for heat generation and
exchange

of the brain and eyes (Fritsches et al. 2005). This
mechanism is fundamentally different from that
found in the tuna. The eyes of ectothermic fishes
are the same temperature as the surrounding
environmental water, so it is expected that the
vision potential in the eye will be diminished
when the eye temperature decreases due to enter-
ing a low-temperature zone. Endothermic open-
ocean predators have the ability to warm the
retinal area to maintain visual function. The reti-
nal warming in the eye prevents a decline in
visual resolution due to the drop in water tem-
perature caused by locomotion to a deep-sea
area, thereby helping the predator to capture prey.

As described above, the bluefin tuna and mako
shark merely enhance their vision and movement
potential temporarily by partially increasing the
body temperature. However, the opah L. guttatus
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is able to warm its whole body by introducing a
special heat exchange system (Wegner et al.
2015) (Fig. 9.3). This ability is related to the vas-
cular structure around the heart from the gills.
The opah produces heat by flapping its winglike
pectoral fins. The warmed blood is sent from the
afferent filament artery to the gill via the heart.
However, the deoxygenated blood warmed by the
flapping of pectoral fins loses heat when the
blood undergoes gas exchange at the surface
before entering the efferent branchial arteries.
The afferent and efferent arteries filament are
closely coupled and stacked in an alternating pat-
tern within the gill arch. This structure is very
important to rewarm the oxygenated blood after
it has cooled in the surfaces of the gill filament.
The warmed blood is delivered to the whole
body. By employing such a heat exchanging sys-
tem, the opah can keep its body temperature sev-
eral degrees higher than the external water
temperature. Although this mechanism is differ-
ent from the low-temperature tolerance of fish
inhabiting polar regions, it is considered an
important physiological mechanism for adapting
to low water temperatures that are experienced
on a daily basis.

Use of Antifreeze Protein
to Adapt to Low-
Temperature Environment

9.4

In the Arctic and Antarctic regions, the water
temperature can drop below zero due to super-
cooling. Fishes in these regions use antifreeze
mechanisms to adapt to the extreme tempera-
tures. The plasma freezing point of the bald noto-
then Trematomus borchgrevinki inhabiting the
Antarctic Ocean is —2.75 °C, whereas in the
black perch Embiotoca jacksoni, which is distrib-
uted in the temperate zone, itis —0.7 °C. Therefore,
body fluid in some fishes does not freeze even if
the water temperature drops below zero (DeVries
1982). The mechanism for this phenomenon is
antifreeze protein. Glycoproteins that enable a
lower plasma freezing point have been isolated
from the plasma of fish belonging to the
Notothenioidei suborder inhabiting the Antarctic

Ocean, and several proteins that can reduce the
plasma freezing point are found in other species
of fish (Harding et al. 2003). These proteins,
called antifreeze glycoproteins (AFGPs) and
antifreeze proteins (AFPs), inhibit the growth of
ice crystals in plasma by covering the water-
accessible surface of ice, resulting in a lower
freezing point for plasma and enabling polar fish
to survive in seawater below the freezing point.

9.4.1 Characteristics of Antifreeze

Proteins

Antifreeze proteins found in fish have been clas-
sified in a single class of AFGP and four classes
of AFPs (types I-1V). AFGP, a glycoprotein with
a molecular weight of 2.6-33 kDa, consists of a
number of repeating units of alanine-alanine-
threonine and has a side chain of threonine modi-
fied with disaccharide, which is involved in
binding to ice crystals (Table 9.1). A total of eight
AFGPs with different molecular weights were
purified from a single fish species and were clas-
sified roughly into two types, high molecular
(AFGP1-5) and low molecular (AFGP6-8) types
(Harding et al. 2003). These proteins have been
isolated in Notothenioidei and Gadidae living in
cold water (DeVries 1982; Burcham et al. 1984).

Type I AFP is a monomeric protein with an
a-helical folded structure and a molecular weight
of 3.3—4.4 kDa. The protein consists of a large
amount of alanine, threonine, and aspartic acid
(Duman and DeVries 1976). AFP was isolated
from the winter flounder Pseudopleuronectes
americanus, shorthorn sculpin Myoxocephalus
scorpius, and other species, and multiple mole-
cules were purified (Duman and DeVries 1976;
Hew et al. 1980). Type 1 AFP is classified into
two types, the liver type and the skin type (Gong
et al. 1996; Low et al. 1998). Whereas the liver
type is a secreted protein, the skin type has no
signal peptide and is considered to function intra-
cellularly. Hyperactive AFP, which has an activ-
ity level 10-100-fold higher than that of the
conventional type I AFP, was isolated from the
plasma of winter flounder (Marshall et al. 2005).
The molecular weight of this novel AFP was
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Table 9.1 Characteristics of antifreeze glycoproteins and antifreeze proteins isolated from fish

Type Subclass Structure Isolated species
Antifreeze High molecular type | Repeating units of Antarctic notothenioids
glycoprotein (AFGP) (AFGP1-5) (Ala-Ala-Thr)n (DeVries 1982)
Low molecular type Disaccharide joined to | Northern cods (Burcham
(APGP6-8) the Thr et al. 1984)
Antifreeze protein Typel | Liver type Alanine-rich, a-helix Winter flounder (Duman and
(AFP) DeVries 1976)
Shorthorn sculpin (Hew et al.
1980)
Skin type Alanine-rich, a-helix Winter flounder (Gong et al.
1996)
Lack of signal peptide | Shorthorn sculpin (Low et al.
1998)
Hyperactive type Alanine-rich, a-helix Winter flounder (Marshall
et al. 2005)
Type | Ca2+-dependent Globular protein Rainbow smelt (Ewart et al.
II 1992)
Ca2+-independent Five disulfide bonds Atlantic herring (Liu et al.
2007)
Sea raven (Slaughter et al.
1981)
Longsnout poacher
(Nishimiya et al. 2008)
Type | QAE-binding Small globular protein | Eelpout (Ko et al. 2003)
It SP- (or CM-) binding Ocean pout (Hew et al. 1984)
Type |- Glutamine-rich Longhorn sculpin (Deng
v Four-helix bundle etal. 1997)

16,683 Da, and 60% or more of its amino acid
composition was alanine, as in the conventional
type. The novel AFP is a long rod-like structure
with dimeric a-helix.

Type II AFPs are globular proteins with a
molecular weight of 11-24 kDa. They have a
folding structure consisting of two helices and
nine P-strands in two B-sheets, with five disulfide
bonds (Gronwald et al. 1998). These proteins are
divided into two types, calcium (Ca*")-dependent
and calcium-independent (Ewart et al. 1992). The
Ca**-dependent type II AFP was isolated from
the smelt Osmerus mordax (Ewart et al. 1992)
and the Atlantic herring Clupea harengus (Liu
et al. 2007). This type of protein was purified
from the Japanese smelt Hypomesus nipponensis.
Its function in the body appears to be enabling
biological activity to continue in the absence of
Ca> (Yamashita et al. 2003). The Ca’*-
independent type has been isolated from the sea
raven Hemitripterus americanus (Slaughter et al.
1981), the longsnout poacher Brachyosis rostra-

tus (Nishimiya et al. 2008), and others. This type
of protein has no Ca** binding sites in the sea
raven (Ewart et al. 1992).

Type III AFPs are globular proteins with a
molecular weight of 67 kDa and a folding struc-
ture that includes an o-helix, three 3,,-helices,
and two B-strands (Choi et al. 2015). These pro-
teins do not contain abundant alanine nor high
levels of half-cysteine residues in the primary
structure (Hew et al. 1984), and there is an ice-
binding site in the C-terminal part (Sonnichsen
et al. 1996). The globular protein purified from
the Antarctic eelpout Lycodichthys dearborni and
the ocean pout Macrozoarces americanus also
belongs to type III AFP, and multiple AFP mole-
cules have been purified from individual fish spe-
cies (Hew et al. 1984; Ko et al. 2003). These
molecules can be divided into the QAE Sephadex
binding groups and SP Sephadex (or CM
Sephadex) binding groups due to the difference
in the binding property with ion exchange carri-
ers (Li et al. 1985).
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Type IV AFP has a molecular weight of
12 kDa and has been isolated from the longhorn
sculpin Myoxocephalus octodecimspinosis (Deng
etal. 1997; Deng and Laursen 1998). It has a high
number of a-helices and four-helix bundle struc-
tures and contains a large amount of glutamine.
This protein causes ice crystals to grow as hex-
agonal trapezohedra, unlike other AFPs.

9.4.2 Acquisition and Molecular
Evolution of AFP

AFGP is only found in the Antarctic notothenioid
and northern gadid fishes (DeVries 1982;
Burcham et al. 1984). Although AFGP of the
Antarctic notothenioid is derived from pancreatic
trypsinogen, the origin of AFGP in the northern
gadid is different from that of the Antarctic noto-
thenioid due to difference in genomic sequence
and partial structure, suggesting that AFGP
developed in these fishes as a result of convergent
evolution (Chen et al. 1997a, b).

Type I AFP is considered to have evolved
from pre-existing calcium-dependent C-type lec-
tins because the protein is highly homologous
with the sugar chain recognition region of the
calcium-dependent lectin (Ewart et al. 1992). In
addition, it is possible that type II AFP in certain
fish species was acquired by lateral gene transfer
(Graham et al. 2012; Sorhannus 2012). For
example, although the Atlantic herring and the
smelt are systematically separated, the primary
structure of AFP is very similar between both
species, compared with other orthologous genes.

The sequence of Type III AFP is homologous
to the C-terminal region of mammalian sialic
acid synthase, suggesting that the synthase is the
ancestral protein of Type III AFP (Baardsnes and
Davies 2001). Type IIT AFP is a multicopy gene
that is present with approximately 150 copies,
many of which are closely linked but irregularly
spaced (Hew et al. 1988) in the Newfoundland
ocean pout populations. In more southerly popu-
lation of ocean pout in the New Brunswick, the
AFP level is lower, and there are only about one-
quarter as many AFP copies. As the gene dosage
and the AFP levels show a strong correlation, it

appears that low-temperature tolerance was
acquired by the multiplicity of genes. The ances-
tral protein of type I AFP is not well understood.
However, it is known that type I AFP shows a
multiplicity of genes, similar to type III AFP
(Scott et al. 1985; Hew et al. 1988). Thus, species
with type I may have acquired low-temperature
tolerance by amplification of the AFP gene.

Type IV AFP may have originated in apolipo-
protein E3, as this AFP has a similar structure to
the LDLR-binding region of apolipoprotein E3
(Deng et al. 1997).

9.4.3 Synthesis and Regulation
Mechanism of AFP

AFGP was once thought to be synthesized in the
liver and distributed within the circulatory sys-
tem to prevent the blood from freezing. However,
recent research has revealed that the major site of
AFGP synthesis in the Antarctic notothenioids is
the exocrine pancreas, not the liver (Cheng et al.
2006). AFGP of Arctic cod, acquired as a result
of convergent evolution, is also synthesized in the
pancreas. The pancreatic AFGP enters the intesti-
nal lumen via the pancreatic duct to prevent
ingested ice from nucleating the intestinal fluid.
The source of AFGP in plasma is the reabsorbed
pancreas-derived AFGP in intestinal fluid.
Seasonal changes in plasma AFGP levels have
been reported in the saffron cod Eleginus gracilis
which is in the Arctic cod family and inhabits the
northern part of the range, although there are no
seasonal changes in AFGP levels in notothenioids
inhabiting Antarctic waters, where the annual
water temperature hardly changes (Burcham
et al. 1984).

Moreover, levels of plasma proteins, including
AFGP, were high in the winter, which is thought
to increase plasma osmolality, in the saffron cod
(Ogawa et al. 1997). The protein levels and
osmolality decreased after intraperitoneal injec-
tion of salmon prolactin (PRL), suggesting that
PRL may act on the kidneys and remove the
AFGP from plasma by increasing glomerular fil-
tration. When the glomeruli in the kidneys of saf-
fron cod were observed throughout the year, the
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glomeruli in fish collected in winter showed atro-
phy in comparison with the functional glomeruli
in fish collected in summer (Kitagawa et al.
1990). These results indicate that the reduction of
glomerular function in association with a decline
in AFGP drainage function depends on seasonal
changes in glomeruli morphology. Interestingly,
the kidneys of Antarctic notothenioids are aglo-
merular or functionally aglomerular (DeVries
1982; Eastman and DeVries 1986), and the glo-
merular reduction or aglomerularism are consid-
ered to be important mechanisms for conservation
of small molecular weight AFGP compounds,
vital to living in the polar zone.

As described above, two different forms of
type I AFP, the liver type and the skin type, have
been isolated from the winter flounder (Gong
et al. 1996). Although the liver type is mainly
expressed in the liver, the skin type is strongly
expressed in the liver and exterior tissues, such as
the skin, scales, fin, and gills. Type I AFP in the
blood seasonally changes in this species, as does
AFGP in the saffron cod (Hew and Fletcher
1979). However, AFP levels in plasma dropped
when winter flounder were exposed to pituitary
extract, including growth hormone (GH) frac-
tion, even though AFGP of the saffron cod was
reduced by PRL treatment in winter (Idler et al.
1989). Moreover, the hypophysectomized winter
flounder retained high levels of AFP in plasma
(Hew and Fletcher 1979), suggesting that AFP
synthesis was suppressed by substances in the
pituitary, including GH. As there was no seasonal
change in the structure of the kidney in the winter
flounder (Boyd and DeVries 1983), it is specu-
lated that the transcription of AFP is promoted
due to the reduced secretion of GH in the winter;
in consequence, tolerance to low temperatures
increases.

Although AFP II, III, and IV are mainly
expressed in the liver, their expression is also
seen in the pancreas (Cheng et al. 2000).
However, there is little information about the
mechanism that regulates these AFP types, unlike
AFGP and type I AFP. Moreover, it appears that
type IV AFP lacks the ability to prevent the blood

from freezing on its own because its levels are
too low in the blood (Gauthier et al. 2008). As
type IV AFP has been detected only in fish that
also have type I AFP, it is possible that type IV
AFP has other physiological functions besides its
role in low-temperature tolerance.

9.5 Biological Factors Related
to Low-Temperature

Tolerance and Cold Shock

In the previous section, we described the anti-
freeze proteins and antifreeze glycoproteins that
some species utilize to survive extremely low
temperatures. A related challenge is surviving a
sudden drop in water temperature (cold shock),
which induces various physiological changes in
fish, including effects on growth, ion regulation,
and immune function (Donaldson et al. 2008).
Biological factors related to low-temperature tol-
erance have been reported in association with this
response.

9.5.1 The Cell Division Cycle Protein

48 (CDC48)

The cell division cycle protein 48 (CDC48),
which is involved in cold tolerance, has been
identified, and the gene that codes for it has been
cloned (Yamashita et al. 1996; Imamura et al.
2003). The protein is a polypeptide consisting of
806 amino acid residues that promote cell divi-
sion. CDC48 belongs to the AAA (ATPases asso-
ciated with diverse cellular activities) ATPase
family and is considered an essential factor in
cell division and cell cycle progression, as well as
playing an important part in cell homeostasis
(Moir et al. 1982; Dantuma and Hoppe 2012;
Meyer et al. 2012). Its primary function is in the
endoplasmic reticulum-associated protein degra-
dation, in which it has a key role in promoting
quality control in the degradation (Latterich et al.
1995; Hoppe et al. 2000; Ye et al. 2001; Wolf and
Stolz 2012; Gallagher et al. 2014).
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The CDC48 gene was isolated from zebrafish,
and the effect of temperature on its expression
level was investigated using a zebrafish embryo-
derived cultured cell line (Imamura et al. 2002,
2003). CDC48 mRNA and protein levels
increased as the temperature declined.
Interestingly, cell proliferation was enhanced in
the cells that overexpressed CDC48, which were
transfected with cDNA constructs for CDC48,
under low-temperature condition (Imamura et al.
2003). In addition, expression of this gene
increased during the embryonic stage, particu-
larly in the nervous system (Imamura et al. 2012).
These findings indicate that the role of CDC48 is
degradation of ubiquitinated proteins via activa-
tion of ubiquitin-proteasome system function to
promote neural development (Imamura et al.
2012). Cold-inducible CDC48 appears to be an
important protein with an essential role in con-
trolling cell proliferation and repressing apopto-
sis in low-temperature conditions in fish.

_TSH -> TH (thyroid gland)
ACTH - Corticosteroids (head-kidney)
—J GH - IgF (liver)
GTH - Sex steroids (gonad)
Other hormones (PRL, MSH, SL)

S

endocrine system. Water temperature influences on physi-

9.5.2 Hormonal Regulation
of Physiological Phenomena
in Low-Temperature
Conditions

Hormones induce and regulate physiological
phenomena in organisms. The synthesis and
release of hormones in fish is influenced by ambi-
ent water temperature (Fig. 9.4). The brain, the
central organ of the nervous system, is also a cen-
tral part of the endocrine system, and information
about the external environment, including tem-
perature, is concentrated in the brain of verte-
brates (Crawshaw et al. 1985; Boulant 2000).
The hypothalamus is one of the most important
parts of the brain for transmitting endocrine
information converted from external information.
Information about water temperature is also pro-
cessed in the hypothalamus and is transmitted to
the whole body through the endocrine system,
centered in the pituitary gland, which is called
the hypothalamus-pituitary axis. Hormones
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synthesized in the pituitary gland include growth
hormone (GH), thyroid-stimulating hormone
(TSH), adrenocorticotropic hormone (ACTH),
gonadotropic hormone (GTH), prolactin (PRL),
melanophore-stimulating hormone (MSH), and
somatolactin (SL) (Takei et al. 2016). The secre-
tion and action of these hormones are strongly
affected by temperature. In addition, other hor-
mones secreted by stimulation of the pituitary
hormone in various organs, including thyroid
hormone (TH), sex steroid, and glucocorticoid,
are also affected by temperature, directly or indi-
rectly. Although the effect of temperature on the
secretion or action of hormones has been investi-
gated in fish, much of the research was conducted
in the context of growth, migration, and repro-
duction in species that are useful for aquaculture
and fisheries (Wootton and Smith 2015).

Many studies that examined the relationship
between low temperature and hormones have
addressed the annual changes in hormone levels
related to environmental water temperature and
the effect of low temperature on hormone synthe-
sis by temperature manipulation. Unfortunately,
there is limited information about the role of hor-
mones in low-temperature tolerance and physio-
logical phenomena at low temperature. TH is
known to be a regulator of thermal acclimation in
fish (Little et al. 2013). TH has a modulatory
function of the sarco-endoplasmic reticulum
Ca?*-ATPase (SERCA), a protein associated with
muscle and heart function in cold water (Little
and Seebacher 2013, 2014). In addition, the heart
rate and SERCA activity of fish in which hypo-
thyroidism was induced by propylthiouracil and
iopanoic acid were reduced by cold acclimation,
while these levels in normal fish acclimated to
cold water were high (Little and Seebacher
2013). Moreover, TH treatment in hypothyroid
fish restored heart rate and SERCA activity, sug-
gesting that TH plays an important role in main-
tenance of heart function during cold
acclimation.

GH synthesis in fish is modulated by water
temperature and is higher during the warmer sea-
sons of the year (Deane and Woo 2009). GH is
involved with the process of temperature accli-
matization. One of its actions is to control AFP

synthesis (Idler et al. 1989). GH synthesis is sup-
pressed during the winter, when AFP levels are
high (Fletcher et al. 1989). Moreover, when pitu-
itary extracts including GH were injected in
flounder in the wintertime, AFP levels decreased,
indicating that GH is one of the regulatory factors
of AFP synthesis (Idler et al. 1989).

Cold shock is a stressor that affects various
physiological phenomena (Donaldson et al.
2008). The primary response to cold shock is the
release of corticosteroids and catecholamines via
a neuroendocrine response of the central nervous
system (Barton 2002). In tilapia (Oreochromis
aureus) exposed to cold water, levels of cortisol
and catecholamines (epinephrine and norepi-
nephrine) were examined. As a result of acute
cold shock, plasma epinephrine, norepinephrine,
and cortisol increased with the decreasing water
temperature (Chen et al. 2002). These results
indicate that cold shock promoted hormone
secretion by the hypothalamic-pituitary-adrenal
cortical axis. These hormones cause the physio-
logical changes necessary to maintain homeosta-
sis as a secondary response (Barton 2002).
However, no further evidence has been obtained
indicating the role of cortisol in the low-
temperature tolerance of fish.

To understand the mechanism of low-
temperature tolerance of fish, it is important to
study the role of hormones, including their
response to low temperature, because hormones
are key factors that mediate the response of
organs and cells to environmental conditions.

9.6 Perspectives

As climate change wreaks changes in oceans, riv-
ers, and lakes, it is important to elucidate the
mechanism of low-temperature tolerance in fish
in order to understand the biological effects of
environmental fluctuation and to take necessary
measures to conserve aquatic animals. However,
there is too little information on the biological
responses of fish to low temperatures, which is
fundamental for understanding the physiological
mechanism of low-temperature tolerance. In
addition to gathering these data, it is important to
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clarify the mechanisms of low-temperature toler-
ance, through research on the expression of genes
and proteins affected by temperature fluctuation,
the functional analysis of these genes and pro-
teins, etc.

Information about the ecological and physio-
logical responses of fish to low temperatures in
polar regions is increasing. However, research on
this issue should not only target fish inhabiting
polar regions. Research should also be conducted
on other fish species that show special responses
to low temperatures.
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