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Abstract

This thes is examined : 1) how ontogeny affects aspects of metabol ic

depress ion in the cunner ; and 2) whether the stress response of adult cunner

is modified during metabol ic depress ion. The effect of decreas ing temperature

at 2°C per day on the metabol ism of three size classes of -9°C acclimated

cunner was stud ied. The onset -temperature for metabol ic depress ion in

cunne r decreased with body size (age), i.e. T' C in adult fish vs. 6°C and 5°C

in small and young -of-the-year (YOY) fish, respec tively . In contrast , the extent

of metabol ic depress ion was -80% (0 10 =- 15) for YOY fish, -65% (0 10=-8 )

for small fish, and - 55% (0 10= -5) for adults. Stress hormone levels and

stero idogen ic transcript levels were measu red in adult cunne r accl imated at

O°C and 10°C. Fish at 10°C had 9.09 fold and 4.77 fold higher post-stress

plasma epinephrine and norepinephrine levels , respect ively , and 4.67 fold

greater resting plasma cortisol levels (-65 ng rnl" ) compared with O°C fish

(-10 ng rnl") . However , cort isol levels did not increase post-stress in 10°C

fish, whereas O°C fish had a 'typical' stress response with cort isol levels

reaching -107 ng rnt' by 2 hours post-stress . Transcript levels of P450scc

were 3.25 fold higher in the head kidney of 10°C fish compared with O°C fish.

Howeve r, there was no significant difference in StAR transc ript levels in the

head kidney of 10°C fish compared with O°C fish. GR transcript levels were

1.70 fold and 1.29 fold lower in the head kidney and liver , respectively , of

10°C fish compared with O°C fish.



Acknowledgments

I would like to thank the Department of Biological Sciences (Kuwait

University) for providing me with a scholarship which enabled me to pursue

my graduate studies. Dr. Kurt Gamperl for all his supervision and advice with

regards to all aspects of this project. Drs. Matthew Rise, William Driedzic and

Paul Winger for being on my supervisory committee and offering their

feedback. Jennifer Hall, Tiago Hori, Gord Nash, as well as my lab mates, from

both the Gamperl and Rise labs, for all their assistance. Dr. Steve Perry

(University of Ottawa) for running the catecholamine samples, and the entire

Ocean Sciences Centre staff for their endless assistance. I would also like to

thank my family and all my friends, both in St. John's and Kuwait, for their

support and advice during the course of my program.



Table of Contents

Abstract

Acknowledgments

Table of Contents

List of Tables

List of Figures

List of Abbreviations and Symbols

Chapter One: General Introduction

1.1. Thermoregulation

1.2. Strateg ies to cope with thermal fluctuat ions

1.3. Metabolic depress ion

1.4. Metabolic depress ion in fish

1.5. The cunner

vii

viii

ix

1.5.1. Ecology and life history

1.5.2. Metabolic depression

1.6. Study object ives 11

Chapter Two: Ontogenetic Effects on Metabolic Depression in
Cunner (Tautogolabrus adspersus) 12

2.1. Introduction 12

2.2. Mater ials and Methods 16

2.2.1. Experimental animals 16

2.2.2. Respirometers and oxygen measurements 16

2.2.3. Experimental protocol 18

2.2.4. Data and statistical analyses 19

2.3. Results 21



2.4. Discussion 26

2.4.1. Resting metabolic rate 26

2.4.2. Effects of ontogeny 29

Chapter Three: Cold-Induced Changes in Stress Hormone Levels
and Steroidogen ic Transcript Levels in Adult Cunner (Tautogolabrus
adspe rsus) , a Fish Capable of Metabolic Depression 32

3.1. Introduction 32

3.2. Materials and Methods 36

3.2.1. Experimental animals 36

3.2.2. Sampling regime 36

3.2.3. Measurements of plasma catecholamine and cortisol
~~ ~

3.2.4. Preparation of RNA from tissues 40

3.2.5. First-strand cDNA synthesis 41

3.2.6. cDNA cloning and sequence analyses 41

3.2.7. QPCR 44

3.2.8. Statistical analyses 46

3.3. Results 48

3.3.1. Plasma catecholamine and cortisol levels 48

3.3.2. The effect of temperature on StAR, P450scc and GR
transcript levels 51

3.3.3. Tissue distribution of StAR, P450scc and GR
transcripts 51

3.4. Discussion 56

3.4.1. Plasma catecholamine and cortisol levels 56

3.4.2. The effect of temperature on StAR, P450scc and GR
transcript levels 61

3.4.3. Tissue distribution of StAR, P450scc and GR
transcripts 64



Chapter Four : Summary

Literature Cited

66

69



List of Tables

Table 2.1 Morphometric and metabolic parameters for goC acclimated
cunner of various size classes (YOY, young-of-the-year; small
and adult) when exposed to a temperature decrease from goC
to 1°C at 2°C day". 24

Table 3.1 Sequences of oligonucleot ides used in cDNA cloning and
QPCR. 47



Figure 1.1

Figure 2.1

Figure 2.2

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

List of Figures

The cunner , Tautogo/abrus adspe rsus . 10

The effect of decreasing temperature at 2°C day" on
oxygen consumption (M0 2) of young -of-the-year
(YOY), small and adult cunner . 23

The relationship between body mass and oxygen
consumption (M0 2) for young-of-the-year (YOY), small
and adult cunner during an aoc temperature decrease
over 4 days . 25

General ized diagram illustrating the rate limiting steps
in cort isol biosynthes is. 35

Post-stress (-2 min) plasma catecholamine levels (nM)
in DoC and 1DoC acclimated cunner subjected to an
acute handling stress (1 minute out of water) . 49

Plasma cortisol levels (ng mt" ) in DoC and 10°C
acclimated cunner subjected to an acute hand ling
stress (1 minute out of water ). 50

QPCR analys is of the effect of acclimat ion temperature
(DOC vs. 1DOC) on transc ript levels of StAR and
P450ssc in the head kidney of cunner . 52

QPCR analysis of the effect of acclimation temperature
(DOCvs. 1DoC) on transcript levels of GR in the head
kidney and liver of cunner . 53

QPCR analysis of the tissue distribut ion of StAR and
P450ssc transcr ipts in cunner . 54

QPCR analys is of the tissue distribut ion of GR
transcr ipt in cunner. 55



·C

IJg

IJI

IJM

ACTH

ANOVA

ATP

BLAST

bm

bs

eDNA

List of Abbreviations and Symbols

temperature in degrees Celsius

microgram

microlitre

micromolar

adrenocorticotropic hormone

analysis of variance

adenosine tri-phosphate

scaling exponent

scaling exponent for basal metabolic rate

basic local alignment search tool

scaling exponent for maximal metabolic rate

scaling exponent for standard metabolic rate

complementary deoxyribonucleic acid

centimetre

CT threshold cycle

DDT dithiothreitol

DHBA 3, 4-dihydroxybenzylamine

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate

epinephrine

EDTA ethylenediamine tetraacetic acid

ELISA enzyme-linked immunosorbent assay

E-value expected value

g 1-1 gram per litre

GaP

gram

genomics and proteomics



GR glucocorticoid receptor

hour

HPI hypothalamic-pituitary-interrenal

HPLC high performance liquid chromatography

HSC hypothalamic-sympathetic-chromaffin-cell

kg kilogram

litre

M

mg

rnq l'

mg Ozkg "1h'

mgOzr'min-'

min

mt rnln'

ml

mass or molar

metre

cubic metre

milligram

milligram per litre

milligram of oxygen per kilogram per hour

milligram of oxygen per litre per minute

minute

millilitre per minute

millilitre

millimetre

mM millimolar

M-MLV moloney murine leukemia virus

MOz oxygen consumption

mRNA messenger ribonucleic acid

MS-222 tricaine methanesulfonate

number

NCBI national center for biotechnology information

NE norepinephrine

ng rnl' nanogram per millilitre

ng nanogram



nM

P450scc

PCR

QPCR

RMR

RNA

RQ

rRNA

S.E.

nanometre

non-redundant

oxygen

probab ility

cytochrome P450 , family 11, subfamily A, polypeptide 1
(P45011a1 , encoded by CYP11A1 gene)

polymerase chain reaction

temperature coefficient

quantitative reverse transcription-polymerase chain
reaction

resting metabol ic rate

ribonucleic acid

relative quantity

ribosomal ribonucle ic acid

standard error of the mean

second

StAR stero idogenic acute regulatory protein

TAE tri-acetate-EDT A

unit

UV

V

YOY

ultraviolet

volume

young-of-the-year



Chapter One

General Introduction

Temperature can be an enormously important environmental variable

because of its large influence on the rate of biological reactions and

physiological processes (Rome et aI., 1992). Although most animals are

specialized for life within a relatively narrow range of temperatures, some may

experience marked daily and seasonal temperature fluctuations (Rantin et aI.,

1998; Guderley and St-Pierre, 2002; Rodnick et aI., 2004; Schulte, 2007).

These temperature fluctuations affect virtually all levels of biological

organization, from the rates of molecular diffusion and biochemical reactions,

to membrane permeability, to cellular, tissue and organ function, and finally

their integration within the whole organism (Guderley and St-Pierre, 2002). In

addition, temperature changes may alter the equilibrium between synthesis

and degradation of biological structures, change metabolic requirements,

favour certain functions over others and alter trophic interactions (Guderley

and St-Pierre, 2002).

The effect of temperature on biological processes can be described

using the temperature coefficient (010), which is the fold change in the rate of

a particular biological process for a 10·C change in temperature (Rome et aI.,

1992). Chemical and biological processes are extremely temperature sensitive

and have 0 10S that generally range from 1.8 to 4 (Rome et aI., 1992). Given

the large impact that temperature has on various functions, many animals

regulate their body temperature to cope with the effects of thermal



fluctuations. However, the degree of regulation varies with the animal's

thermoregulatory strategy.

1.1. Thermoregulation

Thermoregulation is the ability of an organism to maintain its body

temperature within certain boundaries, independent of the temperature of the

environment. The thermoregulatory mode of animals can generally be

classified into two main categories: 1) Endotherms (mainly mammals and

birds) produce metabolic heat at high rates, and have a low but variable

thermal conductance, and this allows them to regulate their body temperature

within relatively narrow limits; and 2) Ectotherms (reptiles, amphibians and

fish) have body temperatures that vary, often matching the temperature of the

immediate environment. They also produce metabolic heat, but at

considerably lower rates and have high thermal conductivity (Guderley and St­

Pierre, 2002; Guderley, 2004).

Endotherms maintain a stable internal body temperature, which is

normally higher than the immediate environment, and they are often referred

to as homeotherms (Reynolds, 1979). However, not all homeotherms are

endotherms. For example, the body temperature of many Antarctic fish

species is relatively constant due to the absence of significant thermal

variation in their habitat (Guderley, 2004). In contrast, the majority of

ectotherms are considered poikilothermic organisms, meaning that their body

temperature is primarily determined by the heat gained from, or lost to, their



environment. For example, aquatic ectotherms generally have body

temperatures identical to that of water (Guderley and St-Pierre, 2002)

because of the high heat capacity of water. In addition, the high surface area

of the gills and the arrangement of the blood vessels in fish, lead to thermal

equilibrium with the environment, and oblige their body temperature to

conform to habitat temperature (Guderley, 2004; Crockett and Londraville,

2006).

Temperatures in the aquatic environment do not differ to the same extent

as in terrestrial habitats. However, temperatures at the surface of the ocean

range from 30°C in tropical areas to _2°C in the polar seas, they can exceed

40°C in tropical tidepools (Myers, 1991; Taylor et aI., 2005; Eme and Bennett,

2009) and seasonal temperature fluctuations in temperate zones can be

significant (e.g. from _1°C to approximately 16°C in Logy Bay, Newfoundland,

Canada). Just as the aquatic habitats vary in maximum/minimum

temperatures, and in the degree of temperature fluctuation, fish inhabiting

these environments also vary in their cold and warm thermal tolerance

(Guderley, 2004).

1.2. Strategies to cope with thermal fluctuations

The adaptive response of animals to thermal fluctuations can be broadly

classified into two categories: 1) physiological responses, this is when an

organism adjusts its physiology to reach a new steady state; and 2)

behavioural responses, where animals that are not able to cope with the



physiological stress associated with thermal fluctuations alter their behaviour

or remove themselves from the unfavourable environment (e.g. by migrating).

Further, to cope with particular environmental stressors, some animals utilize

a combination of behavioural and physiological adaptations (Storey, 2001).

When encountering reduced environmental temperatures (e.g. seasonal

cooling), non-migratory fish can adjust their physiology in a number of ways

(Guderley and St-Pierre, 2002; Guderley, 2004). For example, they can:

1) Submit to the 010 effects, and let their physiological and biochemical

processes slow.

2) Use compensatory mechanisms to offset the 010 effects, and thus,

retain function/capacity.

3) Enhance the 010 effect by reducing metabolism/physiological

processes to a greater extent than what would be considered normal

for the change in temperature. This phenomenon is referred to as

metabolic depression .

1.3. Metabolic depression

Metabolic depression is a reduction in metabolic rate to below normal

resting values. It has been recorded in all major animal phyla as a response to

environmental stresses including temperature, desiccation (lack of water),

hypoxia/anoxia (lack of oxygen), hypersalinity, and food deprivation (Storey

and Storey, 1990; Guppy et aI., 1994; Hand and Hardewig, 1996; Guppy and



Withers, 1999). Although the triggers stimulating entry into a state of active

metabolic depression are many, the effects are similar. Various physical

processes (e.g., feeding, movement) are greatly curtailed or stopped,

physiological functions (e.g., heart beat, breathing, or ventilation rate) are

reduced, non-essential cellular functions (e.g., anabolism and growth) are

reduced or suspended, and essential metabolic functions are brought into a

new balance (Storey, 1988).

The purpose of metabolic depression is to maximize the survival time of

an individual when environmental conditions are unfavourable for normal life

(Storey and Storey, 1990). The survival time of an organism during exposure

to environmental stresses that limit energy availability is, in general, directly

related to the degree of metabolic depression achieved (Hand and Hardewig,

1996). The extent of metabolic depression can vary from 80% of resting

metabolic rate to complete absence of measurable metabolism (Storey and

Storey, 1990; Guppy et aI., 1994; Hand and Hardewig, 1996; Guppy and

Withers, 1999; Storey and Storey, 2004).

Metabolic depression is associated with the coordinated inactivation of

many cellular processes. One strategy to achieve metabolic depression is a

decrease in the generation and utilization of adenosine tri-phosphate (ATP)

(Storey, 1988; Storey and Storey, 1990). Cells are capable of achieving this

new energetic balance by switching to efficient pathways of energy production

(e.g. carbohydrate degradation) and decreasing energy consuming processes

(e.g. ion pumping and protein synthesis/degradation) (Guppy et aI., 1994;

Boutilier, 2001; Storey and Storey, 2004). The first known observations of



metabolic depression were made in the pioneering microscopical work of Van

Leeuwenhoek 1702 (cited in Guppy, 2004), who identified small desiccated

animals (rotifers) in dry sediments that were dormant, but resumed normal

activities when rehydrated; a phenomenon called cryptobiosis.

1.4. Metabolic depression in fish

According to Crawshaw (1984) the overwintering response offish can be

broadly categorized into two ecological groups: 1) fish that acclimate

biochemically and remain active during the winter (e.g. Salmonidae) ; and 2)

fish that are inactive and hidden during the winter, and are assumed to be

dormant (e.g. warm water families such as Centrarchidae and Ictaluridae).

The term 'dormancy' is used to describe a behaviourally inactive state

characterized by the cessation of feeding and activity (Crawshaw, 1984).

However, dormancy is not necessarily associated with metabolic depression

(i.e. a regulated decrease in cellular metabolism). For example, although

Crawshaw et al. (1982) observed dormancy in the largemouth bass

(Micropeterus salmoides) and the brown bullhead (Ictalurus nebulosus) in

response to low temperature, and both species showed decreased metabolic

rates, there was no abrupt change in this parameter as temperature fell. In

contrast, the American eel (Anguilla rostrata) , another teleost that exhibits

winter dormancy, has a 010 for metabolic rate of 4.10 between 10°C and 5°C

(Walsh et ai, 1983). Lungfish, which aestivate to avoid desiccation, reduce

oxygen consumption by 85%, and significantly decrease breathing, heart rate



and blood pressure (Guppy et aI., 1994). Moreover, the European goldsinny

wrasse (Gtenolabrus rupestris), a marine teleost that spends winter in a

dormant state, shows large decreases in mean oxygen uptake, opercular and

heart rates (0 10 = 542.01, 6.39 and 24.52, respectively) when acutely exposed

to a drop in temperature from 6°G to 4°C (Sayer and Davenport, 1996).

1.5. The cunner

Studies on metabolic depression in fish have focused on decreases in

metabolism associated with shortages of water (desiccation) and oxygen

(hypoxia/anoxia), or a combination of low oxygen and temperature (Smith,

1930; Van Waversveld et aI., 1989; Johansson et aI., 1995; Muusze et aI.,

1998; Nilsson and Renshaw, 2004). In contrast, only a few studies have

examined aspects of cold-induced metabolic depression (Walsh et aI., 1983;

Crawshaw, 1984; Sayer and Davenport, 1996). However, it has recently

become clear that the cunner is a species capable of metabolic depression,

and that it is a convenient and valuable model for studying various aspects of

cold-induced metabolic depression in fish.

1.5.1. Ecology and life history

The cunner (Tautogo/abrus adspersus , Figure 1.1), a member of the

mainly tropical family Labridae (the wrasses), and is distributed along the

western Atlantic from Chesapeake Bay, USA to Newfoundland, Canada - their



most northern distribution (Bigelow and Schroder, 1953; Scott and Scott;

1988). Along the coast of Newfoundland, cunner occupy small home ranges

and return to them after displacement (Green, 1975). Cunners are omnivorous

feeders that consume a wide variety of molluscs, crustaceans and other

benthic invertebrates (Bigelow and Schroder, 1953; Scott and Scott; 1988;

Green et aI., 1984). The spawning season extends from June to August, and

the buoyant eggs hatch in about 40 hours at -21 °C and 3 days at -12 -18°C

(Bigelow and Schroder, 1953). Cunners reach sexual maturity at 8 - 11 cm in

length and grow up to 43 cm long with a mass of 1.4 kg (Scott and Scott;

1988). In Newfoundland, adult fish ranging from -14 to 27 cm long have been

found, and these were between 3 and 10 years of age (Naidu; 1966). This

species is active during the day but becomes quiescent at night (Dew, 1976),

and remains inshore throughout the year rather than retreating to deeper

warmer waters as other coastal Newfoundland fish species (Green and

Farwell, 1971).

During the winter, the cunner exhibits winter dormancy in response to the

low environmental temperatures of its habitat (Green and Farwell, 1971; Dew,

1976). Green and Farwell (1971) reported that cunner enter a dormant state in

late fall/early winter when ocean temperatures fall to 5°C, and arose from this

state in the spring when temperatures reach a similar level. Further, these

authors reported no cunner mortality in the field or in the laboratory at

temperatures below O°C



1.5.2. Metabolic depression

The first study on cunner metabolism was in 1943, when Haugaard and

Irving showed that the metabolic rate of winter (5°C) acclimated cunner was

about one fourth of the metabolic rate of summer (20°C - 21°C) acclimated

fish, a 0 10 of about 2.50. However, more recent studies have shown that the

cunner is capable of cold-induced metabolic depression. Curran (1992)

reported that when seawater temperatures fall from 12°C to 6°C, cunner from

Woods Hole (Massachusetts, USA) actively deceased their routine metabolic

rate (0 10=8.50), but maintained a constant metabolic rate as temperature fell

further (from 6°C to 3°C). Costa (2007) reported acute and seasonal 0 10

values for metabolic rate of 8 - 10 between 5°C and O°C for cunner from

Newfoundland. Lewis and Driedzic (2007) showed that protein synthesis in

several tissues of Newfoundland cunner decreased by ~ 65% when seasonal

temperature fell from 8°C and O°C. Finally, Corkum and Gamperl (2009)

showed that the ability of cunner to depress their metabolism at cold

temperatures (1°C) enhanced their hypoxia tolerance, and that metabolic

depression in this species is dependent on other environmental variables such

as water oxygen level and photoperiod.



Figure 1.1 - The cunner , Taulogo labrus adspersus. Source: http ://www .nefsc.noaa.gov.
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