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ABSTRACT

The mechanisms underlying the winter dormancy seen in many fishes living at temperate to high
latitudes has not been fully explored. Winter-active fishes enhance tissue enzyme activities at
low temperatures in winter to help maintain whole-animal performance capacity, which would
otherwise be lower in the cold. Cunner (Tautogolabrus adspersus), despite being a winter-
dormant model species, in recent laboratory experiments also have shown enhanced whole-
animal exercise performance in the cold, but nothing is known about the underlying mechanisms
of this compensation. | hypothesized that increases in citrate synthase (CS) and lactate
dehydrogenase (LDH) enzyme activities in tissues may help explain the compensation of
exercise performance, which depends upon flux through these metabolic enzymes. In a previous
experiment, juvenile cunner were acclimated to a range of temperatures and exhaustive
swimming performance was measured. | measured activities of CS and LDH in white muscle
and liver from these cunner acclimated to 2, 8, and 14°C, which bracket the temperature at which
cunner become dormant (7.2°C). At 2°C, liver showed significant increases in LDH activity
while CS activity was decreased. In white muscle, neither CS or LDH enzymes were
significantly different across acclimation temperatures. | concluded that enhancement of
metabolic enzyme activities in white muscle or liver of a winter-dormant model species is not an
important determinant of the compensation of whole-animal exercise performance at colder

temperatures.
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Introduction
Winter presents a significant challenge for ectotherm physiology and behaviour because
of cold temperatures and food scarcity. These conditions can act as a bottleneck on the
persistence of fish populations in temperate to high latitude regions (Shuter, Finstad, Helland,
Zweimdiller, & Holker, 2012; Speers-Roesch, Norin, & Driedzic, 2018). The challenges that
winter creates have led to the evolution of overwintering strategies to counteract the effects of

colder temperatures.

Three strategies have evolved in ectothermic fishes in response to winter. The first
strategy is migration to a warmer climate, for example as seen in swordfish (Romeo et al., 2011).
If fish do not migrate, the other two strategies are active vs. inactive strategies (Ultsch, 1989).
Thermal compensation of physiology in order to maintain activity at cold temperatures is a
common overwintering strategy, for example in salmonid fishes (Guderley, 2004). Thermal
compensation is an acclimation to a new temperature involving adjustments of physiological
rates, such as metabolic rate. Here, compensation is referring to an increase in biochemical and
physiological rates in order to counteract the slowing effects of the cold, a normal
physicochemical effect on biochemical reactions. Precht (1958) described several different types
of thermal compensation including overcompensation, whereby the rate is faster in the cold than
it is in warmer temperatures; perfect compensation and partial compensation, the complete or
partial offsetting of the physicochemical effects of cold through rate adjustments. In contrast,
inverse compensation is the depression of metabolic rates and it is also possible to observe a lack

of compensation (Guderley, 2004).



Winter dormancy is the inactive overwintering strategy that certain fish have evolved.
Winter dormancy, occurring seasonally, is a reversible seasonal change in physiological and
behavioural phenotype. It is characterized by inactivity, non-feeding, and a low resting metabolic
rate (Shuter et al., 2012; Speers-Roesch et al., 2018). Winter dormancy occurs in both freshwater
and marine fish species. For example, brown bullhead and the largemouth bass are two
freshwater fish species which undergo winter dormancy (Crawshaw, 1984). Several marine
wrasse species living at temperate latitudes also exhibit winter dormancy, such as the cunner
(Tautogolabrus adspersus), which inhabits the western Atlantic Ocean (Costa, Driedzic, &

Gamperl, 2013; Sayer & Davenport, 1996; Speers-Roesch et al., 2018).

Cunner were previously thought to actively depress their metabolic rate during winter, an
example of inverse compensation (Costa et al., 2013). However, Speers-Roesch et al. (2018)
concluded that cunner do not actively depress their metabolic rate in response to colder
temperatures. Instead, the observed low metabolic rate seen during winter dormancy was caused
by a significant reduction in locomotory behaviour (which reduces energy expenditure) and the
passive effects of cold that slow standard (resting) metabolic rate (SMR), which is a normal
effect seen in ectotherms. Metabolic rate depression, which involves a complex reorganization of
cellular physiology, may not be worthwhile for winter-dormant fish like cunner that can more
easily go inactive and take advantage of passive metabolic slowing at very cold temperatures.
Speers-Roesch et al. (2018) also showed that SMR was unchanged after acclimation to the cold
in cunner, indicating a lack of thermal compensation of SMR in this species, which is different

than seen in more winter-active species of fishes (Guderley, 2004; Johnston & Temple, 2002).



However, recent evidence indicates that partial thermal compensation of at least some
important physiological traits occurs in cunner (L. Rowsey & B. Speers-Roesch, unpublished
data) (see Appendices C and D). These traits include whole-animal aerobic performance,
measured through absolute aerobic scope (the difference between maximum metabolic rate and
SMR), and whole-animal anaerobic performance, measured through time to exhaustion during
chase. When cunner are acclimated to 2°C, there is a significant increase in absolute aerobic
scope and time to exhaustion, when compared to cunner that were acutely exposed to the same
temperature (L. Rowsey & B. Speers-Roesch, unpublished data). Thus, despite their dormant
state, cunner show evidence of partial thermal compensation of whole-animal aerobic and
anaerobic performance. This finding raises a question about what biochemical or physiological

responses at the tissue level underlie the partial compensation of whole-animal performance.

Thermal compensation of metabolic enzyme capacities in cold waters is well documented
in fishes that remain active during the winter (Guderley, 2004). The increases in enzyme
activities presumably improve metabolic flux at frigid temperatures, thus improving whole-
animal performance which also shows thermal compensation (e.g. swimming performance)
(Guderley, 2004; Johnston & Temple, 2002). For example, chain pickerel acclimated to the cold
or winter acclimatized (5°C) showed significantly higher levels of citrate synthase (CS) activity
in white muscle tissue than warm acclimated or summer acclimatized (25°C) chain pickerel
(Kleckner & Sidell, 1985). Similarly, a ~40% increase in CS activity was observed in white
muscle of cold acclimated (4°C) rainbow trout (Guderley & Gawlicka, 1992). CSis a
mitochondrial enzyme that is vital for aerobic metabolism, catalyzing the first reaction of the

citric acid cycle (Wiegand & Remington, 1986). Lactate dehydrogenase (LDH) activity was also
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significantly higher in cold acclimated or winter acclimatized pickerel white muscle (Kleckner &
Sidell, 1985); in contrast, rainbow trout did not show this same compensatory response
(Guderley & Gawlicka, 1992). LDH, an anaerobic glycolytic enzyme, is crucial for burst
swimming performance (Sullivan & Somero, 1980). In pickerel liver tissue, significant increases
in maximal CS activity were observed, but not in maximal LDH activity (Kleckner & Sidell,
1985). Another study looking at the red muscle of smallmouth bass and green sunfish found
significantly increased CS levels in both species of fish acclimated to 5°C and 15°C, relative to
fish acclimated to 25°C (Kolok, 1991). Thus, although there is some variation in responses of
LDH to low temperature acclimation, a robust increase in CS activity, resulting from an increase
in cellular mitochondrial content, is a well known response to cold in winter-active species.
Although expected in the winter-active green sunfish, the compensation was reported as
surprising in smallmouth bass, which are generally considered a winter-dormant fish, where
activity is not maintained. Thus, there is limited evidence that even in winter-dormant fish there

is thermal compensation of metabolic enzyme activities, although it is a little studied topic.

My primary objective was to determine if the observed thermal compensation of whole-
animal aerobic and anaerobic performance in cunner (L. Rowsey & B. Speers-Roesch,
unpublished data) is associated with thermal compensation of tissue metabolic enzyme activities.
My second objective was to assess whether this compensation is tissue specific, or whether it
occurs in multiple important tissue types. | hypothesized that the whole-animal compensation of
anaerobic and aerobic performance at winter temperatures is explained by concomitant tissue-
specific compensation of the maximal activity of key metabolic enzymes, similar to in previously

studied fish species (Guderley, 1990).



| predicted that CS and LDH would show a significant increase in maximal enzyme
activity in muscle of dormant fish that were acclimated to winter cold temperatures compared
with active, warm fish. As CS has been consistently shown to be elevated in muscles of winter-
active fish acclimated to colder temperatures, it may be an essential enzyme to cold acclimated
performance in winter-dormant cunner as well. Given the compensation of anaerobic burst
swimming performance observed by Rowsey et al., | predict that compensation of LDH activity

plays a significant role in this increase in cold acclimated performance.

| also predicted that while white muscle would exhibit thermal compensation of enzyme
activities, liver tissue would not exhibit compensation. This was predicted because the thermal
compensation of whole-animal performance was associated with swimming performance. White
muscle is used for short-duration intense activity (burst swimming) with a short time to fatigue
(Hudson, 1972; Mosse & Hudson, 1977). In contrast, liver is a highly aerobic tissue not directly
involved in swimming performance, so | did not predict it would show the same compensatory
effect that white muscle does. Liver plays an important role in the detoxification of toxins and
pollutants, storage of lipids, carbohydrates, vitamins and minerals, among other functions
(Bruslé & i Anadon, 1996), however it is not directly responsible for physical performance
effects. | expect that in the dormant cunner, where energy savings are important, there would not
be thermal compensation of enzyme activities in the liver. In fact, inverse compensation may be

possible.



Materials and methods

Animals

Juvenile cunner of mixed sexes were obtained from the Cooke Aquaculture Breeding
Program at the Huntsman Marine Science Centre in St. Andrews, New Brunswick. These cunner
were the F1 offspring of wild parents, collected in St. Mary’s Bay, Nova Scotia. The juveniles
were transported to the University of New Brunswick in Saint John, New Brunswick where they
were kept in a recirculating seawater system at 14°C under a winter photoperiod (10 L:14 D).
This photoperiod is typical of winter along the cunner’s natural range. Cunner were fed daily to
satiety with commercial salmon pellets. Cunner were kept under these holding conditions for two
months prior to the acclimation protocol.
Acclimation protocol

Juvenile cunner (5.14 g = 0.31, N=32) were distributed among three experimental
systems consisting of four aquaria each, and all housed within a single room at the University of
New Brunswick under winter photoperiod (10 L: 14 D). Each system received its own supply of
recirculating, filtered seawater at 14°C. Cunner were introduced to each system and given two
weeks to adjust to these conditions. Each acclimation system was then cooled at a rate of 0.5°C
per day, until the experimental acclimation temperature was reached for each group of fish
(excluding fish in the 14°C group). This cooling rate is typical for experiments on thermal
acclimation in fishes (Fangue, Mandic, Richards, & Schulte, 2008; Fangue, Richards, & Schulte,
2009). The experimental acclimation temperatures were 2°C, 8°C, and 14°C (final sample sizes:
n=10 at 2°C, n=10 at 8°C, and n=12 at 14°C). These temperatures were chosen as they cover the

range for temperature-dependent cunner activity from active to dormant. Cunner are active at



14°C, close to entering winter dormancy at 8°C (the winter dormancy threshold is approximately
7.2°C (C. Reeve, L. Rowsey, & B. Speers-Roesch, unpublished data)), and they are fully

dormant at 2°C. Cunner were held at the acclimation temperatures for 5-9 weeks.

After the acclimation protocol, cunner were euthanized with tricaine methanesulfonate
(MS-222) and weighed. White muscle and liver were dissected from the fish and frozen in liquid
N2. After collection, tissue samples were transferred to a -80°C freezer and stored there until
further analysis.

Enzyme assays

White muscle and liver tissue were ground into smaller pieces in liquid N2. Ground
frozen white muscle and liver tissue were weighed (8-85 mg for liver; 47-60 mg for white
muscle) and homogenized in 10 or 15 volumes of ice-cold homogenization buffer (50 mM
imidazole, 1 mM disodium EDTA, 0.1% Triton X, pH 7.4) using a polytron-type homogenizer
(Biospec Products, Inc.). For samples weighing < 25 mg, 15 volumes of buffer were added; 10
volumes were added for samples weighing > 25 mg. Homogenates were then spun in a
microcentrifuge at 1000 g for five minutes at 4°C. Dilutions of the supernatant were used for the

enzyme activity assays.

Maximal enzyme activity was measured using a SpectraMax 190 microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA), temperature-controlled at 25°C.
Maximal enzyme activity for LDH was determined by measuring the oxidation of NADH at 340
nm (millimolar extinction coefficient €340, 6.22 mM™ cm™). Maximal enzyme activity for CS

was measured at 412 nm. CS activity was measured by following the production of liberated



CoA reacting with 5,5’-dithiobos 2-nitrobenzoic acid (DTNB) (millimolar extinction coefficient
€412, 13.6 mMt cm™), a well-established protocol used to measure maximal CS activity (Speers-
Roesch, Callaghan, MacCormack, Lamarre, Sykes, & Driedzic, 2016; Speers-Roesch, Robinson,
Val, Almedia-Val, & Driedzic, 2017). Optical pathlength was calculated for a final microplate
well volume of 200 pl. Preliminary measurements confirmed the reaction rates to be linear with
time and proportional to the amount of homogenate added. For each tissue sample and reaction
condition, enzyme activity was measured in duplicate. Simultaneously, a single control with
omitted substrate was used to correct for non-specific background reactions. Enzyme activities
were measured in 50 mM imidazole buffer, pH 7.4 at 25°C, with the following specific
conditions:

Enzyme of anaerobic metabolism

Lactate dehydrogenase, LDH (E.C. 1.1.1.27): 0.2 mM NADH, 1 mM pyruvate (omitted
for control).

Enzyme of aerobic metabolism

Citrate synthase, CS (E.C. 4.1.3.7): 0.3 mM acetyl CoA, 0.1 mM DTNB, 0.5 mM
oxaloacetate (omitted for control).

Enzyme activities are presented as nmol substrate converted to product per minute per
mg tissue protein (nmol min't mg protein™t) as well as umol substrate converted to product per
minute per gram wet weight (umol mint g w/w™). Enzyme activities per gram wet weight
indicate the physiologically realistic enzymatic capacity of the tissue, while enzyme activities per
mg protein allow us to correct for potential influences of variable tissue protein contents. The

ratio of CS activity to LDH activity was determined for each individual fish within each



temperature group. This indicates the relative importance of aerobic vs. anaerobic tissue
metabolism. Protein content of the enzyme supernatant was measured using the Bradford assay.
All chemicals used in the enzyme assays were purchased from Sigma Chemical Co. (St. Louis,

MO, USA).

Statistical analyses

The effect of acclimation temperature on maximal CS and LDH activities within each
tissue was compared using a one-way ANOVA. Tukey’s post hoc test was used for pairwise
comparisons. A Shapiro-Wilks test was used to assess for normality. Levene’s test for
homogeneity of variances was used to assess equal variances. Data were log transformed or
square root transformed if necessary to meet any assumptions of variance and normality. For any
cases that did not conform to the assumptions of normality or variance after log or square root
transformation, a Kruskal-Wallis H nonparametric test was performed. All statistics were
performed using Microsoft Excel and IBM SPSS Statistics 25.0 (Chicago, IL, USA). All data are
presented as mean * s.e.m. Statistical significance was accepted at p < 0.05.

Results

Mean enzyme activities for CS and LDH for each tissue type are shown in Fig 1, as
measured per gram w/w (see Appendix A, Table Al for exact numerical values). CS and LDH
activity in the liver of cunner were both significantly affected by acclimation temperature (one-
way ANOVA (F(2,27) = 75.70, p < 0.001; F(2,27) = 8.04, p = 0.02), respectively) (Fig 1). For
CS, enzyme activity was significantly decreased by 42-55% for fish in the 2°C and 8°C

acclimation condition (p < 0.001, Tukey’s post hoc test), compared to fish in the 14°C

acclimation group. For LDH in the liver, fish acclimated to 2°C exhibited significantly higher



levels of LDH activity (p = 0.02, Kruskal-Wallis H test), compared to fish acclimated to either 8

or 14°C (29% and 30% respectively).
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Figure 1 Mean enzyme activity (£ s.e.m.) expressed per gram wet weight for citrate synthase (CS) and
lactate dehydrogenase (LDH) in cunner (Tautogolabrus adspersus) liver (A, C) and white muscle (B, D)
(n=9-11). Values with dissimilar letters are statistically different (one-way ANOVA with Tukey’s HSD
test, p < .05).

Acclimation temperature did not significantly affect CS activity in the white muscle (F
(2,28) = 2.04, p = 0.15) (Fig 1). Similarly, there was no significant effect of acclimation

temperature on LDH activity in white muscle (F(2,28) = 2.15, p = 0.14) (Fig 1).

Mean enzyme activity for data presented as nmol min™ mg protein™ are shown in Fig 2
(see Appendix B, Table A2 for exact numerical values). Enzyme activities, measured in terms of

protein content, also showed similar trends to enzyme activity measured in terms of actual tissue
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capacity (i.e. per gram wet weight). CS in the liver was significantly affected by acclimation
temperature (F (2,27) = 12.81, p <0.001) (Fig 2). Fish acclimated to 2°C and 8°C exhibited
significantly lower levels (39% and 43% respectively) of CS activity in liver compared to 14°C
acclimated fish (p < 0.001, Tukey’s post hoc test). LDH in the liver also was significantly
affected by acclimation temperature (F(2,27) = 3.92, p = 0.03) (Fig 2). Fish acclimated to 2°C

showed significantly higher levels of LDH activity in liver (34%) compared to 14°C acclimated

fish (p = 0.02, Tukey’s post hoc test), but not to 8°C acclimated fish.
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Figure 2 Mean enzyme activity (+ s.e.m.) expressed per mg tissue protein for citrate synthase (CS) and
lactate dehydrogenase (LDH) in cunner (Tautogolabrus adspersus) liver (A, C) and white muscle (B, D)
(n=9-12). Values with dissimilar letters are statistically different (one-way ANOVA with Tukey’s HSD

test, p < .05).
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Unlike for enzyme activities expressed per gram wet weight, a significant effect of
acclimation temperature was observed for both CS activity and LDH activity in white muscle
tissue (F(2,28) =5.21, p = 0.01; F(2,28) = 6.87, p = 0.03, Kruskal-Wallis H test) (Fig 2). CS
activity was significantly higher (33%) in 8°C acclimated fish, compared to 14°C acclimated fish
(p = 0.01, Tukey’s post hoc test), while 2°C acclimated fish were not significantly different from
either 8 or 14°C acclimated fish. 2°C acclimated fish showed significantly lower levels (31%) of
LDH activity in white muscle (p = 0.03, Tukey’s post hoc test) compared to 8°C acclimated fish,

but not to 14°C acclimated fish.

The ratio of CS to LDH enzyme activity in each acclimation condition and for each tissue
type are shown in Fig 3. In liver, the ratio of CS to LDH activity is significantly lower at 2 and
8°C acclimation temperatures (57% and 51% respectively) compared to 14°C acclimated fish (p
< 0.001, Kruskal-Wallis H test). Acclimation temperature significantly affected the ratio of CS to
LDH activity in white muscle as well (F (2,28) = 7.20, p = 0.003) (Fig 3). The ratio of enzyme
activity for 2°C acclimated fish was significantly higher (46%) than that for 14°C acclimated fish
(p =0.002, Tukey’s post hoc test), while 8°C acclimated fish displayed an intermediate ratio of
CS to LDH activity.

Whole protein content for both tissue types for each acclimation condition are shown in
Fig 4. Whole protein content was not significantly affected by acclimation temperature in liver

(F (2,27) = 2.89, p = 0.07) or in white muscle (p = 0.81, Kruskal-Wallis H test) (Fig 4).
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Figure 3 Ratio of aerobic to anaerobic (citrate synthase:lactate dehydrogenase) enzyme activities in liver
(A) and white muscle (B) in cunner (Tautogolabrus adspersus) acclimated to 2, 8, or 14°C (n=9-12). Data
presented as mean + s.e.m. Values with dissimilar letters are statistically different (one-way ANOVA
with Tukey’s HSD test, p < .05).

Liver White muscle

(mg'g ww)
[y
=
|4
—_ E=3]
i =
F=

Protein content

{mg'g ww)
=

Protem content
o

(=
=]

2 3 14 2 8 14
Acclimation temperature (*C) Acclimation temperature (*C)

Figure 4 Whole-tissue protein content in liver (A) and white muscle (B) in cunner (Tautogolabrus
adspersus) acclimated to 2, 8, or 14°C (n=9-12). Data presented as mean + s.e.m. Values with dissimilar
letters are statistically different (one-way ANOVA with Tukey’s HSD test, p <.05).

Discussion
My study is one of very few to explore enzymes of aerobic and anaerobic metabolism
and the role they may play in thermal acclimation in a winter-dormant fish species. My study has
also been one of the first to examine tissues other than muscle (liver tissue), to determine if a

tissue specific enzymatic response exists in winter-dormant fish species. | predicted that CS and
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LDH activities would be significantly elevated in cold acclimated cunner compared to warm
acclimated cunner in white muscle tissue, which would help explain the enhanced physical
performance at the whole-animal level in the cold (L. Rowsey & B. Speers-Roesch, unpublished
data). However, neither LDH nor CS activities in white muscle (per gram wet weight) were
significantly affected by colder temperatures. Although modest significant changes were
observed in some cases for CS and LDH activities when expressed per mg tissue protein, the
results for per gram wet weight of tissue are more relevant to whole-animal performance because
it is the capacity of the tissue itself that is most relevant to its performance. Overall, these results
do not support my hypothesis that increases in metabolic enzyme activities in white muscle
tissue explain compensation of whole-animal exercise performance in cold. I also predicted that
there would be a tissue-specific response to cold acclimation where liver enzyme activity would
not be increased in the cold acclimated fish, and potentially would decrease (inverse

compensation) for even greater energy savings. CS did show this response in liver at 8°C, above
the winter dormancy threshold, and at 2°C, with the 2°C and the 8°C acclimated fish displaying
significantly lower enzyme activity than 14°C acclimated fish (Fig 1, Fig 2). On the other hand,
LDH was significantly elevated in the liver of 2°C acclimated fish compared to 14°C acclimated
fish, with activity at 8°C being intermediate (Fig 1, Fig 2). In summary, while there appears to be

a tissue-specific response to cold acclimation in dormant cunner, the data does not support the
prediction that increases in CS and LDH activities are a primary cause of enhanced performance
at the whole-animal level.

The lack of enzymatic compensation in white muscle CS and LDH of winter-dormant

cunner is in contrast to winter-active fish such as the rainbow trout and chain pickerel which
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increase white muscle enzyme activity, especially CS, in response to colder waters (Battershy &
Moyes, 1998; Guderley & Gawlicka, 1992; Kleckner & Sidell, 1985). The winter-dormant
cunner also differs from the winter-dormant smallmouth bass which have shown significant
increases in white muscle CS activity (Kolok, 1991). Winter dormancy in basses involve large
reductions in activity but not complete inactivity as in cunner (Lemons & Crawshaw, 1985;
Speers-Roesch et al., 2018), which might explain why thermal compensation of muscle enzyme
activities occurs in bass but not cunner. White muscle CS was significantly elevated in cold
acclimated killifish (5°C), in contrast to the results obtained here (Dhillon & Schulte, 2011).
However, killifish have also shown no significant increases in CS activity in white muscle tissue
when cold acclimated (5°C) (Healy, Chung, Crowther, & Schulte, 2017), showing that the

response of CS to cold can vary even within species.

The lack of change in LDH activity in white muscle of cold acclimated cunner is
consistent with previous findings of winter-active fish (Guderley & Gawlicka, 1992; Kleckner &
Sidell, 1985). The present results for white muscle LDH are also consistent with the results seen
in northern and southern killifish subspecies, a winter inactive species (Dhillon & Schulte, 2011;
C. Reeve & L. Vrooman, unpublished data). LDH activity in cold acclimated (8°C) goldfish,
another winter inactive species, has also been shown to be depressed slightly in white muscle
tissue compared to warm acclimated goldfish, similar to the results of the present study; this
depression was not significant, however (Huber & Guderley, 1993). The activity of LDH in fish
white muscle may already be high enough to preclude the need to enhance it further for partial

compensation of whole-animal performance in the cold.
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Liver CS in winter-dormant fish appears to show an opposite response to that seen in
winter-active fishes. Cold acclimated and winter acclimatized (5°C) chain pickerel (a winter
active species) showed significantly higher levels of liver CS activity, compared to warm
acclimated and summer acclimatized (25°C) fish (Kleckner & Sidell, 1985), whereas the winter-
dormant cunner showed significantly lower levels of liver CS activity in cold acclimated fish
(Fig 1, Fig 2). This is suggests an inverse compensation of CS activity in cunner liver, whereby a
reduction in enzyme activity may lead to important energy savings that help in the cold. In the
liver, LDH also appears to show a different response than winter-active fish, being significantly
elevated in the cold acclimated winter-dormant fish (Fig 1, Fig 2). Liver LDH activity in the
winter-active chain pickerel was lower in 5°C cold acclimated and winter acclimatized fish,
compared to 25°C warm acclimated and summer acclimatized fish (Kleckner & Sidell, 1985).
The increase in LDH activity in liver is characteristic of thermal compensation which was
expected to be shown in the white muscle, indicating compensation of anaerobic metabolism in
the liver. This is unexpected given that cunner are dormant at 2°C and should not need to
compensate liver enzymes. Further studies would be required to explain this, but perhaps it could

be linked to tissue-specific switches in metabolic fuel use during dormancy.

Overall, there is accumulating evidence that winter-active and winter-dormant fishes
show different thermal acclimatory responses regarding metabolic enzymes. Winter-active fish
increase white muscle enzyme activity significantly more in the cold than winter-dormant fish.
Liver shows an opposite response in winter-dormant fish to that seen in winter-active fish.
Cunner do however seem to maintain enzyme activities in white muscle; that is, they do not
actively decrease enzyme activity to save energy, which is consistent with the finding that their
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resting metabolic rate is unchanged in winter (Speers-Roesch et al., 2018). My study does
present some limitations, however. While the sample size is consistent with previous studies,
exceeding sample size of some others (Dhillon & Schulte, 2011; Healy et al., 2017; Kolok,
1991), there is a possibility that my sample size was not large enough to detect a potential small
effect size (whereas in active species, there is a stronger influence of cold on metabolic enzyme
activities and thus a greater effect size). This is especially true for white muscle CS activity, as

there was a mean increase in CS activity, however this increase was not significant.

In fact, there is some evidence for an increased emphasis on aerobic pathways over
anaerobic pathways in white muscle, because the ratio of CS to LDH activity significantly
increased with cooling (Fig 3). This indicates white muscle in the cold acclimated cunner has an
increased capacity for aerobic metabolism, overall. Liver appears to show the opposite response,
with the ratio of CS to LDH activity significantly less in 2 and 8°C acclimated fish (Fig 3). This
resulted from a significant increase in LDH activity and significant decrease in CS activity at
2°C. This pattern was also seen in the Antarctic bivalve Laternula elliptica beyond its critical
temperature (Portner, Hardewig, & Peck, 1999). Colder temperatures are hypothesized to
increase proton leak and mitochondrial oxygen demand; the animal, being unable to sustain this
increased oxygen demand, switches to anaerobic metabolism (Portner et al., 1999). It is possible
that in cunner liver, where energy savings may be locally important, there is a tissue-specific
reduction in mitochondrial abundance, which leads the liver to become less aerobic and more
anaerobic, leading to the ratios of enzyme activity seen in Fig 3. A similar response has been

observed in the intertidal Pacific oyster Crassostrea gigas; at lower temperatures there was an
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initial increase in CS activity, however after 16 weeks CS activity had decreased significantly

(Dunphy, Wells, & Jeffs, 2006).

Another limitation my study presents is the exclusion of several other enzymes that are
key metabolic enzymes that may influence thermal acclimatory responses. Although this study
was designed to focus on CS and LDH it is important to recognize that other metabolic enzymes
may be implicated as well. Studies on winter-active fish have included hexokinase (HK) and
phosphofructokinase (PFK) (Blier & Guderley, 1988; Guderley & Gawlicka, 1992), as well as
cytochrome oxidase (Blier & Guderley, 1988; Guderley & Gawlicka, 1992; Kleckner & Sidell,
1985). Studies on winter-dormant fish have also included PFK as a potential mechanism for
thermal acclimation in goldfish (Huber & Guderley, 1993). HK and PFK are both enzymes
involved in glycolysis, so their levels of activity may provide information about the breakdown
of glucose (Treberg, MacCormack, Lewis, Almedia-Val, Val, & Driedzic, 2007; Zammit &
Newsholme, 1976), which can then be used for anaerobic or aerobic metabolism. Ultimately,
including them may provide an enhanced view of the activity of CS and LDH, as well as another
possible mechanism for the enhancement of whole-animal exercise performance. Cytochrome
oxidase is responsible for most of the energy production in cells and is located at the end of the
electron transport chain (Brown, 2001). It has been shown that acclimation to low temperatures
can cause a compensatory increase in cytochrome oxidase activity in fish (Battersby & Moyes,
1998; Hardewig, van Dijk, Moyes, & Poértner, 1999), so measuring that enzyme may have
provided further evidence for the capacity of metabolic enzymes to enhance whole-animal

exercise performance.

18



In conclusion, | found no evidence that increases in CS and LDH activities explain the
partial compensation of whole-animal exercise performance capacity seen in winter-dormant
cunner. Enzyme activity is conserved in some cases and, in the liver, aerobic capacity is reduced,
possibly as a means of tissue-specific energy saving in the cold. There are a wide range of other
contributing factors that may play a key role in the enhanced whole-animal burst swimming
performance. For example, in cold acclimated rainbow trout, a slight increase in heart size and
significant increase in basal heart rate has been observed (Aho & Vornanen, 2001) as well as
enhanced myofilament function and increased ventricular pressure generation (Klaiman, Pyle, &
Gillis, 2014). These changes may improve delivery of oxygen to tissues and improve tissue
perfusion to help increase performance in the cold, but more research is required to explore other
factors, as well as gain a better understanding of the enzymatic response to thermal acclimation

in a winter-dormant species.
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Appendix A

Table A1 Maximal activities for citrate synthase (CS) and lactate dehydrogenase (LDH) in liver and white
muscle tissue of cunner acclimated to 2, 8, and 14°C in pumol min™ g w/w. Data is presented in Fig 1.

Liver White muscle
2°C (n=9) 8°C (n=10) 14°C (n=11) | 2°C (n=10) 8°C (n=9) 14°C (n=12)
CS 0.57+0.02 0.45+0.03 0.99+0.04 0.92+0.12 1.01 +0.09 0.73+0.10
LDH 228+0.15 163+0.16 1.52+0.22 167.17 + 226.63 + 15.43 225.14 + 33.65
19.03

Note: Data presented as mean * s.e.m.

27



Appendix B

Table A2 Maximal activities for citrate synthase (CS) and lactate dehydrogenase (LDH) in liver and white
muscle tissue of cunner acclimated to 2, 8, and 14°C in nmol min* mg protein™. Data is presented in Fig

2.
Liver White muscle
2°C (n=9) 8°C (n=10) 14°C (n=11) | 2°C (n=10) 8°C (n=9) 14°C (n=12)
CS 540+0.35 5.10+055 8.89+0.75 1850+ 1.75 20.76 +2.01 13.81 +1.37
LDH 2191+ 17.71 + 13.90+2.18 | 3322.29 + 4635.04 + 4255.90 +
2.25 1.58 256.11 321.43 399.42

Note: Data presented as mean % s.e.m.
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Appendix C
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Figure A1 Anaerobic exercise duration (time to exhaustion) after acute exposure and after acclimation. *
indicates significant difference between acclimation and acute responses. Data presented as mean +
standard error bars, n=12. (Adapted from L. Rowsey & B. Speers-Roesch, unpublished data).
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Appendix D
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Figure A2 Aerobic performance after acute exposure and after acclimation (absolute aerobic scope). *
indicates significant difference between acclimation and acute responses. Data presented as mean +
standard error bars, n=12. (Adapted from L. Rowsey & B. Speers-Roesch, unpublished data).
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