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Abstract The heart is acutely sensitive to temperature in
aquatic ectotherms and appears to fail before any other
organ as the thermal maximum is reached, although the
exact cause of this failure remains unknown. The heart is
highly aerobic and therefore dependent on mitochondrial
oxidative phosphorylation (OXPHOS) to meet energy
requirements, but the role of cardiac mitochondria in lim-
iting heart function at high temperatures remains unclear.
We used permeabilised ventricle fibres to explore heart
mitochondrial function in situ in three closely related
species of small New Zealand triplefin fishes in response to
temperature. We compared this to measures of whole
animal respiration rates and critical oxygen tensions in
these fishes. Bellapiscis medius, an intertidal species, had
the greatest tolerance to hypoxia at higher temperatures and
had more efficient OXPHOS at 30°C than the two subtidal
species Forsterygion varium and F. malcolmi. B. medius
also displayed the highest cytochrome c¢ oxidase flux,
which may in part explain how B. medius tolerates higher
temperatures and hypoxia. Triplefin heart mitochondria
exhibit decreased coupling to phosphorylation with
increasing temperature. This most likely impairs ATP
supply to the heart at elevated temperatures, potentially
contributing to heart failure at ecologically relevant
temperatures.
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Abbreviations

ADP Adenosine-5'-diphosphate

ATP Adenosine-5'-triphosphate

BSA Bovine serum albumin

CCO Cytochrome ¢ oxidase

CCOc Cytochrome ¢ oxidase in the presence of
additional cytochrome ¢

EGTA Ethylene glycol tetraacetic acid

ETS Electron transport system

FADH, Flavin adenine dinucleotide (reduced)

FCCP Carbonyl cyanide p-(trifluoro-methoxy)
phenyl-hydrazone

HEPES Na N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid
JO, Rate of mitochondrial oxygen consumption

LSLR Least squares linear regression

MES 2-(N-morpholino) ethanesulfonic acid
NADH Nicotinamide adenine dinucleotide (reduced)
OXPHOS Oxidative phosphorylation

RCR Respiratory control ratio

ROS Reactive oxygen species

TMPD N,N,N',N'-tetramethyl-p-phenyldiamine

VO, Rate of oxygen consumption

Introduction

The thermal tolerance limits of marine ectotherms appear
to be determined by the cardiovascular system, as with
rising temperature the heart appears to fail before all other
organs (Farrell 1997, 2002; Portner et al. 2004; Somero
2002). Importantly, the upper thermal limits of many
marine ectotherms appear to be only a few degrees above
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their respective upper habitat temperatures, and conse-
quently it has been suggested that these species may be
living on the edge of heart failure (Stillman and Somero
2000). Mitochondrial dysfunction is one potential point of
failure for thermally challenged hearts.

The mitochondrion’s role in thermal adaptation has been
explored in numerous studies (e.g. Guderley and St Pierre
2002; Hochachka and Somero 2002; Johnston et al. 1994).
However, the role of mitochondria in determining thermal
limits remains unclear. Some workers have concluded that
mitochondria contribute in part to the determination of
thermal limits (Portner et al. 2005), but are not a major
limiting factor (Portner 2002, 2006). A direct causal role
for mitochondria in setting the heart’s upper thermal limits
has been discounted as in most studies the Arrhenius break-
point temperatures (ABT) of maximal mitochondrial
respiration (or O, flux) appears approximately 10°C higher
than either the whole animal respiration break-points
(Hardewig et al. 1999; Portner et al. 1999; Vandenheede
et al. 1973; Weinstein and Somero 1998), or the species
maximum habitat temperature (Dahlhoff and Somero
1993).

However, maximal respiration may reflect only total
oxygen consumption and not oxidative phosphorylation
(OXPHOS), as mitochondria exhibit lower OXPHOS effi-
ciencies at high temperatures due to an increased propor-
tion of proton leak (Frederich and Portner 2000; Portner
et al. 1999; Sommer et al. 1997). This diminishes the ATP
produced for a given amount of oxygen consumed.
Therefore, to maintain steady ATP production oxygen
demand must increase disproportionately with increasing
temperature (Portner 2006). Thus the fact that maximal
mitochondrial oxygen consumption rates continue to rise
beyond whole animal ABTs does not necessarily indicate
an increase or maintenance of function, as in vivo phos-
phorylation efficiencies are perhaps more important for the
maintenance of heart energy supply and function.

In addition, most studies reporting mitochondrial ABTs
used isolated mitochondria derived from non-cardiac
tissues such as liver (e.g. Hardewig et al. 1999; Weinstein
and Somero 1998). Mitochondria from different tissues
of model species have distinct mitochondrial proteomes
(Mootha et al. 2003), dynamics (Cereghetti and Scorrano
2006), thermal sensitivities (Almeida-Val et al. 1994,
Irving and Watson 1976), chemical affinities (Di Paola and
Lorusso 2006), substrate requirements (Almeida-Val et al.
1994), structures, enzyme profiles (Benard et al. 2006) and
respiration rates (Benard et al. 2006; Mootha et al. 2003).
Most likely this holds true for non-model species also, as
respiration rates of cardiac mitochondria have been shown
to be 1.5-10 times greater than those from liver in sea bass
(Dicentrarchus labrax) (Trigari et al. 1992), 3—4 times
higher than mitochondria from red skeletal muscle in tuna
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(Katsuwonus pelamis) and carp (Cyprinus carpio) (Moyes
et al. 1992), and two times higher than mitochondria from
red skeletal muscle in trout (Oncorhynchus mykiss) (Leary
et al. 2003).

Isolation of mitochondria also disrupts mitochondrial
networks, contact arrangements within cells, and may
select for subsarcolemmal or intermyofibrillar populations
(Gnaiger 2009), which show distinct sedimentation and
biochemical profiles (Chemnitius et al. 1993). Analysis of
mitochondria in situ following saponin permeabilisation of
muscle fibre bundles provides an alternative approach
(Jullig et al. 2008; Kuznetsov et al. 2008; Saks et al. 1998),
which requires very small amounts of tissue (milligrams)
and maintains mitochondrial arrangements within myofi-
brils (Jiillig et al. 2008; Kuznetsov et al. 1996, 2008; Saks
et al. 1991, 1993, 1998). This may provide a more realistic
measure of tissue-specific respiration, closer to in vivo
rates, and enable measurement of very small tissue samples
such as those from small ectotherms.

Here, we explore cardiac mitochondrial function in
permeabilised cardiac fibres from three species of New
Zealand triplefin fishes (Family Tripterygiidae). Triplefins
are small, marine blennioid fishes. The New Zealand tri-
plefin fauna makes an excellent model system for study of
physiological adaptation (Hickey and Clements 2003), as
the group consists of 26 endemic and closely related spe-
cies (Hickey and Clements 2005; Hickey et al. 2009b) that
have radiated into a variety of niches at varying depths,
from thermally unstable intertidal rockpools down to deep
thermally stable subtidal reefs (Clements 2003; Feary and
Clements 2006; Wellenreuther et al. 2007). The three tri-
plefin species studied here differ in their depth distribution
and therefore environmental temperature exposure. Bel-
lapiscis medius inhabits upper intertidal rockpools that
range in temperature from 9 to 27°C (range >18°C) (Hilton
et al. 2008). Forsterygion varium and F. malcolmi occur
subtidally at an average depth of 7.5 and 11 m, respectively
(Wellenreuther et al. 2007), where sea-surface tempera-
tures range from 13°C to 23°C (range >10°C) at the cap-
ture locations (Leigh Marine Laboratory Climate Data
Archives 1967-2007).

In this study, we hypothesized that cardiac mitochondria
in B. medius (rockpool inhabitant) would be more robust to
higher temperatures than the two subtidal species, in order
to cope with higher maximum temperatures experienced in
thermally unstable intertidal rockpools. We predicted that
OXPHOS would be more stable (more coupled) at elevated
temperatures in B. medius. However, we also explored
different components of the electron transport system
(ETS), as little is known about its composition or thermal
stability in non-model species. We measured respiration in
permeabilised fibres from triplefin ventricles (0.5-1.5 mg)
using sensitive high-resolution respirometers, and assayed
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cardiac fibres at temperatures of 15, 25 and 30°C using a
substrate inhibitor titration protocol designed to test OX-
PHOS, and various ETS components. We tested respiratory
flux and apparent coupling with both respiratory complexes
I (CI) and II (CII) simultaneously, as parallel electron inputs
into CI and CII have been shown to result in substantially
higher and more realistic respiration rates than single
complex measurements (Gnaiger 2009). We then compared
mitochondrial respiration rates to whole animal respiration
rates and critical oxygen tensions at 15 and 25°C.

Materials and methods
Animal collection, housing and acclimation

All fish were collected from the Hauraki Gulf, NZ
(174°48'E, 36°18’S), using hand-nets. Adult B. medius
were caught from intertidal rockpools, while adult F. var-
ium and F. malcolmi were caught subtidally on SCUBA.
Fish were acclimated to 15°C in aerated 30 1 aquaria with
recirculating seawater for 4 weeks prior to experimenta-
tion. Fish were fed daily to satiation on a mixture of krill,
mysis shrimp, mussel, bloodworms and Artemia nauplii.

Mitochondrial respirometry
Preparation of intact mitochondria in heart muscle fibres

All chemicals were obtained from Sigma-Aldrich Corp.,
St. Louis, MO, USA. Fish were anaesthetised with clove oil
(active ingredient eugenol) and the spine severed imme-
diately at the skull. The heart was dissected immediately
and immersed in 2 ml ice-cold biopsy buffer (modified
from Veksler et al. 1987). Osmolarity of the biopsy and
assay media were modified to equal the mean osmolarity of
triplefin plasma (350 mosmol 17!, as determined using a
Wescor 5500 Osmometer (Wescor Inc., Logan, UT, USA).
The biopsy buffer contained (in mM) 2.77 CaK,EGTA,
7.23 K,EGTA, 5.7 Na,ATP, 6.56 MgCl,-6H,0, 20 Tau-
rine, 15 Na,Phosphocreatine, 20 Imidazole, 0.5 Dithio-
threitol, 50 MES, and 30 Sucrose, pH 7.1 at 0°C. The
ventricle was dissected from the heart and teased into fibre
blocks using a dissecting microscope and then placed into
1 ml of fresh ice-cold biopsy buffer. Freshly prepared
saponin was added to a final concentration of 50 pg ml™"
and the fibres were gently shaken in plastic culture plates
on ice for 30 min. Fibres were then removed and rinsed
three times for 10 min in 1 ml ice-cold modified MiRO5
respiration medium (modified from Gnaiger et al. 2000)
containing (in mM) 0.5 EGTA, 3 MgCl,-6H,0, 60 K-lac-
tobionate, 20 Taurine, 10 KH,PO,, 20 HEPES, 140
Sucrose, and 1 g 17! defatted BSA, pH 7.1 at 30°C.

Mitochondrial respiration assays

At least 1 mg of tissue was necessary for accurate deter-
mination of mitochondrial respiration. Therefore, for
F. malcolmi and F. varium assays were conducted on fibres
from single ventricles, but in the smaller B. medius assays
consisted of 1-4 pooled ventricles. Most samples were
between 1 and 2 mg of tissue. Fibres were blotted dry on
filter paper, accurately weighed and added to 2 ml of
saturated MiRO5 medium at 15, 25 or 30°C in an O2k-
Oroboros™ oxygraph respirometer with 2 ml chambers
(Oroboros Instruments, Innsbruck, Austria). Respiratory
flux (JO,) was calculated in real time as the negative time
derivative of the oxygen concentration using Oroboros
DatLab Software V 4.1.1.84 (Oroboros Instruments, Inns-
bruck, Austria) and expressed as pmol O, consumed s~
mg ' wet weight of tissue.

The titration protocol consisted of glutamate (10 mM),
malate (5 mM), and succinate (10 mM) added to measure
State 2 respiration through both CI and CII in the absence
of ADP (denoted “leak”). Subsequently, saturating ADP
(1.25 mM) was added to induce State 3 respiration through
CI and CII (denoted “OXPHOS”). To test for limitation by
the FyF,-ATPase and the ETS the uncoupling agent FCCP
(0.5 uM) was then added (denoted “ETS”). Subsequently
rotenone (0.75 pM) was added to inhibit CI (ETS,y).
Respiration was inhibited with antimycin A (10 uM), and
subsequently TMPD (500 pM) and ascorbate (2 mM) were
added to measure cytochrome c¢ oxidase (Complex IV)
activity (CCO). Finally, cytochrome ¢ (10 pM) was added
(CCOc). An increase in rate following cytochrome c
addition provides indication of outer mitochondrial mem-
brane damage with resultant loss of endogenous cyto-
chrome c. As cytochrome c release to the cytosol triggers
apoptosis in vertebrates, a large increase indicates potential
initiation of this apoptotic trigger (Kunz et al. 2000;
Kuznetsov et al. 2004). Although initial trials indicated that
the fibre respiration rates were maintained down to very
low oxygen concentrations, for consistency, the oxygen
concentration of the respiration medium was not allowed to
drop below 50% saturation. Results were corrected for
background chemical oxygen consumption determined for
TMPD and ascorbate at each temperature in the absence of
fibres (Gnaiger et al. 1998).

We applied a simple proxy for a measure of efficiency
and determined the respiratory control ratio (RCR;
OXPHOS/leak (Gnaiger 2009)). This ratio provides an
indication of coupling or proton leak relative to phos-
phorylating respiration, and thus respiration that does not
contribute to phosphorylation. It is not possible to measure
state 4 respiration in mitochondria respiring in situ in
permeabilised muscle fibres as ATP is rapidly cycled back
to ADP. Therefore, for mitochondria in permeabilised
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fibres the RCR is calculated as state 3:2 (Kuznetsov et al.
2008). We also determined the relative contribution of
complex I to ETS (calculated as [1 — ETS,,/ETS]), as
well as an alternative expression of efficiency: the pro-
portion of oxygen consumed contributing to OXPHOS
(100% — (leak/OXPHOS) x 100; %OXPHOS).

Whole animal respiration measurements

After 4 weeks of acclimation at 15°C, resting oxygen
consumption rates (VO,) and the critical oxygen concen-
tration (O, ) of the fishes were measured at 15 and 25°C
as described previously (Hilton et al. 2008). Briefly, fish
were placed in atmospheric equilibrated water at 15°C
within a Perspex® chamber with a magnetic stirrer. Res-
pirometry chambers measured 68 ml (50 x 47 mm),
212 ml (70 x 66 mm), 420 ml (100 x 60 mm), or 880 ml
(140 x 65 mm) depending on fish size. The temperature
was maintained at 15°C or raised to 25°C over 2 h. After
30 min at the final measurement temperature the chamber
was closed and oxygen consumption was measured using a
Clark-type electrode attached to a 781 Oxygen Meter
(Strathkelvin Instruments Ltd., Scotland), and the VO,
calculated using 949 Oxygen System software (Strathkel-
vin Instruments Ltd., Scotland). Fish were released when
they showed signs of escape behaviour (Hilton et al. 2008).
The routine rate of oxygen consumption was derived from
linear slopes between 80 and 60% of oxygen saturation.
The transition between oxyregulation to oxyconformation
(Oy <it), was approximated using the intercept of two
segmented least-squares regression lines performed with
‘SegReg’ software (Oosterbaan 1994). Experiments were
attempted at 30°C but this temperature appeared to be
beyond the species’ upper thermal tolerance limits and was
therefore not pursued.

Statistical analyses

Where assumptions were met, analysis of variance
(ANOVA) with a Type III sums of squares model, and
Tukey’s HSD pairwise comparisons (« = 0.05) were used
to test for differences among and between species and
temperatures, and for species and temperature interactions.
Where variances remained unequal (Levene’s test) fol-
lowing transformation, a Kruskal-Wallis test was
employed, followed by pairwise Mann—Whitney U tests,
and a Bonferroni correction (¢ = 0.017) was used. All
analyses were performed using SPSS V14.0 (Lead Tech-
nologies Inc., Chicago). Least squares linear regressions
(LSLR) were used to test for body size effects on all
parameters.

The species exhibited intraspecific scaling of whole
animal VO, with body weight and scaling coefficients were
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both temperature- and species-specific. Therefore all rates
were normalised to 1 g body weight using the exponents
derived from LSLR of log transformed data for each spe-
cies at each temperature. Normalised VO, was expressed as
the mean mg O, consumed h™' g~ +1 standard error of
the mean (SE). A significant relationship between O;
and body weight was observed in Bellapiscis medius at
15°C but not at 25°C or in the two subtidal species at either
temperature. However, scaling of O, . to weight in B.
medius did not affect the significance of the interspecific
comparisons and therefore the un-scaled data are presented
as these are the more conservative comparison. Tempera-
ture quotients (Q;¢) were calculated using the Van’t Hoff
equation.

Results
Morphological differences and body size

Although no allometric relationship within species was
apparent between body mass and ventricle size, ventricle
weight to body weight ratios differed among species, with
B. medius having significantly larger ventricles relative to
body mass than those of the other two species (F = 8.20,
p < 0.01), which were similar to each other (p = 0.26).
Ventricle: body mass ratios were B. medius 0.037 £ 0.001,
n = 15; F. varium 0.026 & 0.001, n = 20; and F. mal-
colmi 0.029 £ 0.002, n = 21. No significant intraspecific
scaling effect of body size was found with any of the
mitochondrial respiratory parameters measured. Body
weight and number of animals used for each mitochondrial
respiration experiment are presented in Table 1.

Mitochondrial respiration

The substrate-inhibitor titration protocol used glutamate,
malate and succinate to supply substrates simultaneously to
both complexes I and II (CI + CII) of the ETS to initiate
State 2 respiration (Gnaiger 2009) (denoted ‘leak’ in
Fig. 1). State 3 respiration (denoted OXPHOS) was initi-
ated following ADP addition. The initial peak flux follo-
wing ADP addition rapidly declined to a lower steady-state
and the magnitude of this decline differed significantly
between species (3> = 23.56, p < 0.001). Thus, both rates
are presented; the maximum flux denoted as OXPHOS,, .«
and the ‘plateau’ steady-state flux as OXPHOScau
(Figs. 1, 2). The plateau effect in the intertidal species,
B. medius, did not differ significantly from maximum rates
(average decrease from max to plateau was 8 £ 5%, paired
samples ¢ test, t = 1.89, p = 0.07). However, in the
subtidal species F. varium and F. malcolmi the plateau rate
was significantly lower than OXPHOS,,.x (overall mean
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Table 1 Mean + 1 SE body weight (g) and number of animals used (n) for mitochondrial respiration experiments on Bellapiscis medius,

Forsterygion varium and F. malcolmi

Temperature (°C) Species

B. medius

F. varium

F. malcolmi

n Mean £ SE body weight (g) n

Mean =+ SE body weight (g) n

Mean £ SE body weight (g)

15 6 4.54 £ 0.27 6
25 8 3.35 £ 0.47
30 6 3.36 = 0.55 6

=)}

7.50 £ 1.10 11
11.95 £ 2.87 11
7.37 £ 1.08 6

6.67 £ 0.95
7.16 £ 1.36
10.08 £ 1.80
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Fig. 1 The substrate inhibitor titration protocol used to determine
respiratory flux in permeabilised ventricle fibres. Slope of declining
oxygen concentration (grey line; nmol ml™') and rate of oxygen
consumption (JO,; black line; pmol s™' mg™") over time (min)
obtained from the oxygraph in representative substrate inhibitor
titration experiments on permeabilised triplefin ventricular fibres.
Arrows indicate the point of addition of each substrate/inhibitor: GMS
glutamate, malate and succinate; Rot rotenone; Ant antimycin A;
TMPD Asc TMPD and ascorbate; Cyt ¢ cytochrome c. Grey boxes
indicate the complex or state being measured. a Demonstrates
an assay of ventricular fibres of Bellapiscis medius at 15°C.
b Demonstrates an assay of ventricular fibres of Forsterygion
malcolmi at 25°C showing the peak rate of OXPHOS (State 3) flux
obtained ~ 30 s after ADP addition (denoted OXPHOS,,,.,) declining
to a lower steady state after ~2-5 min (denoted OXPHOS;jycau)

decrease from max to plateau: F. varium 17 + 2%, paired
t test, t = 7.06, p < 0.001; F. malcolmi 22 £ 3%, paired
t test, t =791, p<0.001). There was no significant

difference in the magnitude of the plateau effect between
temperatures (y° = 0.23, p = 0.89).

Overall, temperature significantly impacted net rates of
respiration of all of the ETS components (p < 0.01 in all
cases; Fig. 2). However, temperature did not significantly
influence the ratios between components (using either
OXPHOS .« or OXPHOS j4cau Values), with the exception
of the respiratory control ratio (RCR; p < 0.01). The RCR
declined significantly with increasing temperature in all
species (p < 0.01, Fig. 3).

There were no significant differences in State 2 flux
(leak) between species (Fig. 2). However, state 3 (OX-
PHOS) flux differed significantly between species
(p < 0.01) irrespective of the plateau effect. Forsterygion
malcolmi and B. medius showed similar rates of maximum
flux (OXPHOS,,,.x) at 15 and 25°C, and both were higher
than F. varium. However, at 30°C OXPHOS,,,x for B.
medius was significantly higher than both F. varium
(» <0.01) and F. malcolmi (p = 0.04; Fig. 2). When
OXPHOSycau Was compared, no significant differences
were apparent among species at 15°C, but B. medius was
significantly higher than F. varium and F. malcolmi at both
25 and 30°C (p < 0.01; Fig. 2).

The addition of the uncoupling agent FCCP slightly
inhibited respiration in F. varium (mean 0.1 £ 2%,) and F.
malcolmi (mean 1.5 & 2%) at all three temperatures, but
these were not significantly different to OXPHOSjucau
rates. However, flux in B. medius increased by mean
4.6 £ 2% upon addition of FCCP, which was significantly
different to OXPHOS,jeau flux (paired samples 7 test,
t =3.1, p<0.01), indicating that the phosphorylating
system may have slightly greater control of respiration in
B. medius relative to the two subtidal species. FCCP is
known to sometimes inhibit respiration (Park et al. 2002).
The mechanism is unknown, but as FCCP is an uncoupling
agent that depolarises the mitochondrial membrane
potential, this may impede respiration on electrogenically
imported substrates, such as glutamate and pyruvate (but
not succinate).

Respiration through CII alone (following rotenone
addition; ETS,,; Fig. 2) exhibited a significant interaction
between species and temperature (p = 0.03). At 15°C flux
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Fig. 2 Respiration of saponin- 500 -

L]
permeabilised ventricle fibres - % 15%
relative to temperature. Assays "> 4004 — Bm
were conducted at a 15°C, '_E 3 Fv
b 25°C, and ¢ 30°C for @ 3o | W Fm
Bellapiscis medius (Bm; white 9 *
bars), Forsterygion varium (Fv; E 200 -
grey bars) and F. malcolmi (Fm; =3
dark grey bars), in the following ::i 100 - ’_*ll ﬂ
states and through the following L
complexes: CI and CII State 2 0 e |I||-|. ’I‘ﬂi ﬁﬂi ]:]r"}. : :
(leak); CI and CII State 3 Leak  OXPHOS,, OXPHOS, cco  ccoe
maximum flux (OXPHOS,,,.x);
CI and CII State 3 plateau flux N
(OXPHOS,); CI and CII 5001 25°C )
uncoupled flux (ETS); CII —
uncoupled flux (ETS,q); E‘ 400 &
Complex IV, cytochrome ¢ -
oxidase (CCO); CCO with % 300-
addition of cytochrome ¢ = *
(CCOc). Asterisk indicates E 200 -
significant difference between £ *
the species and all others, or the 3 100
species pairs indicated by a e ﬂﬂl ﬂﬂ. ﬂﬂl
horizontal line (oo = 0.05). 0 |—|ﬁ- ﬂl-l. : :
Mean + SE respiratory flux Leak OXPHOS ., OXPHOS 6 ETS cco CCOc
(pmol O, s™' mg~" wet weight
of tissue)
5001¢c 30°C *
E o
2 400 .
"
ON 300 -
o
E 200
2 4 * "
=
2 100
0- T
Leak OXPHOS,_, OXPHOS, ETS ETS . cco CCOc¢
Taple 2 Mean + 1 SE body Experiment Temperature = Species
weight (g) and number of ©0)
animals used (n) for whole B. medius F. varium F. malcolmi

animal respiration experiments
on Bellapiscis medius, n

Mean &= SEbody n  Mean &+ SEbody n  Mean £ SE body

Forsterygion varium, weight (g) weight (g) weight (g)
and F. malcolmi
VO, 15 13 237 £0.28 10 8.49 £ 0.95 10 5.08 + 1.47
25 13 2.84 £0.34 10 10.51 £0.73 10 333 £ 147
Oy it 15 12 246 £ 0.32 8 7.71 £ 0.95 8 6.16 £ 1.64
25 10 2.66 +0.33 8 9.37 £ 1.08 10 333+ 147

rates from ventricle mitochondria of B. medius and
F. malcolmi were significantly higher than F. varium
(p = 0.04). At 25°C flux of B. medius was significantly
higher than F. malcolmi (p <0.01) and F. varium
(p < 0.01), and at 30°C there was no significant difference
between species (Fig. 2). However, the measure of the
relative contribution of CI (calculated as ([1 — ETS,q/
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ETS) differed significantly between species at 30°C with
B. medius displaying a far higher proportion of flux attrib-
utable to CI at 30°C than the other two species (p = 0.01,
Fig. 4a). This suggests that B. medius demonstrates greater
stability of CI function at elevated temperatures.
Cytochrome ¢ oxidase (CCO) activity in B. medius was
significantly higher than in ventricle fibres from F. varium
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Fig. 3 Respiratory control ratios (RCR) relative to temperature.
Mitochondrial RCRs were determined in permeabilised ventricular
fibres from Bellapiscis medius (Bm; white bars), Forsterygion varium
(Fv; grey bars) and F. malcolmi (Fm; dark grey bars), at 15, 25 and
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Fig. 4 a The percentage contribution of complex I (CI %; calculated
as 1 — [ETS,,/ETS]) and b cytochrome ¢ oxidase (CCO) excess
capacity (calculated as CCO/OXPHOS,,.x), of mitochondria deter-
mined in permeabilised ventricular fibres of Bellapiscis medius (Bm;

(p < 0.01) and F. malcolmi (p = 0.05) at all temperatures
(Fig. 2). CCO activity was also greater in F. malcolmi than
F. varium at 15°C (p < 0.01) and 25°C (p < 0.01) (Fig. 2).
Flux through CCO was high relative to OXPHOS. The
ratio CCO:OXPHOS,,,.x provides a measure of CCO con-
trol on the ETS or the CCO ‘excess capacity’. CCO was in
greater excess (provides less control) in B. medius (2.5-3-
fold) than in F. varium and F. malcolmi (1.5-2-fold,;
Fig. 4b), however differences between species were less
marked using OXPHOSj,cay- Addition of cytochrome c¢
resulted in an increase in CCO flux for all species (mean
40 £ 3%, n = 66), indicating some damage to the mito-
chondrial membranes and loss of cytochrome ¢ during fibre
preparations or during each assay. However, as CCO flux
exceeded ETS capacity this suggests that this loss was not
rate limiting for the other ETS components. This increase
did not differ overall between species (F = 1.00, p = 0.42)
or temperatures (F' = 0.90, p = 0.41), but ANOVAs at
each temperature indicated that at 30°C there was a sig-
nificantly greater increase in flux with addition of cyto-
chrome c in F. varium than in F. malcolmi (p = 0.02).

RCR
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white bars), Forsterygion varium (Fv; grey bars), and F. malcolmi
(Fm; dark grey bars) at 15, 25 and 30°C. Asterisk indicates a
significant difference from the other species (¢ = 0.05). Mean £+ SE

The RCR, which for fibres describes the increase from
state 2 (leak) to state 3 (OXPHOS) respiration following
ADP addition (Boushel et al. 2007; Gnaiger 2008, 2009;
Hickey et al. 2009a; Jiillig et al. 2008), indicated that at 15°C
mitochondria were tightly coupled (RCRoxprOSMax) =
4.5-6). Note that CII is less tightly coupled to OXPHOS
relative to CI, as CII does not pump protons directly (but
does so through CIII and CIV). The RCR calculated with
OXPHOSjyeau Was lower than that calculated with
OXPHOS,,.x, but showed a similar pattern for species and
temperatures (Fig. 3). While temperature had a significant
impact on the RCR in all species (p < 0.01), B. medius
maintained higher RCR (OXPHOS,,.x) at 30°C than
F. wvarium (p <0.01) and F. malcolmi (p <0.01)
(Fig. 3a), and a higher RCR than both species at 25 and
30°C for RCR (OXPHOSjuea) (all p < 0.01; Fig. 3b).

An alternative expression of efficiency is to compare the
proportion of oxygen consumed contributing to OXPHOS
([100% — (1eak/OXPHOS x 100)]; %OXPHOS). At 15°C
all species were similar, with approximately 80% of oxy-
gen consumed contributing to OXPHOS. With an increase
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in temperature to 25°C the %OXPHOS declined signifi-
cantly for all species (p < 0.01), and at 30°C was <50% in
F. varium and F. malcolmi whilst B. medius maintained
significantly higher efficiencies of 63 + 2% at 30°C
(p < 0.05).

The relationship between OXPHOS and leak can also be
presented as OXPHOS-leak/leak (Fig. 5). This is termed
“mitochondrial phosphorylating respiration” (Portner et al.
1999). Although leak rates were similar among species at
each temperature, neither F. varium nor F. malcolmi
increased phosphorylating respiration between 15 and 25°C
and both species demonstrated a decrease in phosphory-
lating respiration between 25 and 30°C (Fig. 5). In
contrast, phosphorylating respiration of B. medius mito-
chondria increased between 15 and 25°C, and remained
constant between 25 and 30°C (Fig. 5).

Whole animal respiration rates (VO,) and critical
oxygen concentration (O, ()

Body weight and number of animals used for each whole
animal respiration experiment are presented in Table 2.
F. malcolmi showed a significantly higher mass specific
VO, at 15°C than both F. varium (p < 0.01) and B. medius
(p < 0.01), whose rates were not significantly different
from each other (Fig. 6a). At 25°C VO, for the three spe-
cies were similar (Fig. 6a). The magnitude of increase in
VO, between 15 and 25°C in B. medius (Q10 = 3.79) and
F. varium (Q1o = 3.55) was much greater than the increase
in maximal OXPHOS flux over the same temperature range
(Q10 = 1.50 and 1.32 respectively). F. malcolmi showed a
smaller magnitude of increase in VO, with temperature
than the other two species (Q;o = 1.06) which was similar
to the temperature response of JO, (OXPHOS,.;
Qo = 1.20).

The O, . differed significantly between all species at
15°C (all p < 0.01) with B. medius the intertidal species,
showing the lowest, and F. varium the highest O,  ;
(Fig. 6b). At 25°C B. medius also showed a significantly
lower O, . than the two subtidal species (p < 0.01), but
F. varium and F. malcolmi were not significantly different.
For F. varium the O, . was not significantly different at

Fig. 5 Comparison of 100 ;
mitochondrial phosphorylating Bm
respiration relative to leak. ;; 80 1
Phosphorylating respiration was £

calculated as OXPHOS,, .x—leak 'n 60
(filled circles) and leak (open ]

circles) of mitochondria in g 40
permeabilised ventricular fibres N

of Bellapiscis medius (Bm), S 2
Forsterygion varium (Fv), and

25°C compared to 15°C, however in B. medius and
F. malcolmi the O, ., was significantly higher at 25°C than
at 15°C (p < 0.01 and p = 0.01 respectively; Fig. 6b).

Discussion

Temperature exerted profound effects on mitochondrial
function in the three species of New Zealand triplefins
examined in this study, and there were considerable dif-
ferences between species in both mitochondrial and whole
animal respiration rates, and critical oxygen tensions
(O ¢rip)- The intertidal species B. medius demonstrated a
greater overall stability and efficiency of OXPHOS at
higher temperatures than the two subtidal species. In
addition, the capacity to increase mitochondrial respiratory
flux, and particularly flux that contributed to OXPHOS
between 15 and 25°C, and to maintain this capacity
between 25 and 30°C was greatest in B. medius. Notably,
F. varium and F. malcolmi do not routinely encounter
water temperatures as high as 25°C, whereas we have
observed B. medius alive in the field at 27°C. Thus,
mitochondrial phosphorylation efficiency appears well
adapted to each species’ thermal range. There were also
clear differences in the ETS composition and stability
among species, with B. medius having a more robust
Cl-dependent flux at high temperatures and also a greater
excess capacity of CCO at all temperatures. This was
combined with a 170-230% higher tolerance to hypoxia
(lower O, ) in B. medius compared to the two subtidal
species. We also detected a morphological difference
between the species, with B. medius having relatively lar-
ger ventricles than the two subtidal species. This may also
influence the ability of the latter species to withstand
hypoxia by increasing the circulatory capacity.

Stability of respiration

The observed ‘plateau’ effect differed across species and
was virtually absent in B. medius. Such an effect is not
observed in rat ventricle tissue (Jillig et al. 2008).
Although this effect may result from oxaloacetate

Fy —® OXPHOS - leak Fm
—O— leak

F. malcolmi (Fm) at 15, 25 and 0
30°C. Mean =+ SE
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Fig. 6 Whole animal respiration rate and critical oxygen tension
relative to temperature. a Whole animal resting respiration rate (VO,;
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(O3 iy mg Oy 171, at 15°C (black bars) and 25°C (grey bars) of

accumulation (e.g. Chance and Hagihara 1962; Das 1937,
Pardee and Potter 1948), glutamate should prevent inhibi-
tion by promoting oxaloacetate transamination to aspartate
and o-ketoglutarate (Hillar et al. 1975), and ATP should
also prevent inhibition (Pardee and Potter 1948). We pre-
dict that the observed ‘plateau’ effect results from differ-
ences in CI inhibition or degradation, or inner membrane
instabilities. Unlike succinate, glutamate is electrogenically
transported into the mitochondrial matrix and therefore this
substrate is dependent on membrane potential. A loss of
membrane potential with temperature may therefore
account for depressed CI flux. This is also consistent with
depressed RCRs at elevated temperatures in the two deeper
living species.

The rates and thermal stabilities of leak respiration on
combined CI and CII substrates did not differ significantly
among species. However, OXPHOS flux did differ signif-
icantly between species and were most plastic in B. medius,
the species which occupies thermally variable intertidal
rockpools, while F. malcolmi which is the deepest living of
the three species studied, had the lowest scope for change.
The scope for adjustment of OXPHOS flux therefore
appears to reflect the different thermal ranges of the habi-
tats occupied by these species.

Phosphorylation capacity

The RCR is plastic and may be optimised by acclimation.
Birkedal and Gesser (2003) assayed mitochondria in per-
meabilised ventricle fibres of cold-acclimated (12°C) cod
(Gadus morhua) and trout (Oncorhynchus mykiss), and
found higher RCR’s at 10°C than at 20°C. However, they
found that turtles (Pseudemys scripta elegans) acclimated
to 20°C had lower RCRs at 10°C than 20°C. Glanville and
Seebacher (2006) demonstrated that the RCRs of isolated
crocodile (Crocodylus porosus) heart mitochondria were
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Bellapiscis medius (Bm), Forsterygion varium (Fv), and F. malcolmi
(Fm). Mean % SE. Bars sharing the same letter are not significantly
different (o = 0.05). For comparison 1 mg O, 17" =31.25 M

also optimised by acclimation, and declined at tempera-
tures above or below the acclimation temperature. The data
presented here indicate that the RCRs were highest at the
acclimation temperature of 15°C in all species. However,
the thermal sensitivity of the RCR differed among closely
related species despite 1 month of acclimation to a constant
temperature.

Low RCR values with increased temperatures indicate
decreased OXPHOS efficiencies. In this study the RCR
values decreased in all species with increasing temperature.
However, the deepest living species, F. malcolmi, had the
lowest RCR values at 30°C, while the intertidal species
B. medius had relatively high RCR values. This indicates
that B. medius is able to maintain OXPHOS efficiency at
the high temperatures experienced in intertidal rockpools.
Although uncoupling at high temperatures may be benefi-
cial by lowering free radical production (Murphy 2009), it
can only be of benefit if ATP production remains adequate
to meet metabolic demands.

While the mechanisms of proton leak are still poorly
understood, protons may leak through uncoupling proteins
(UCP) (Brand et al. 1994; Stuart et al. 2001), the dicar-
boxylate carrier (Wieckowski and Wojtczak 1997), the
adenine nucleotide translocase (ANT) (Cadenas et al.
2000), and the aspartate/glutamate antiporter (Samartsev
et al. 1997). Proton leak may also be modified by the inner
mitochondrial membrane fatty acid composition (Brand
et al. 1994; Brookes et al. 1998; Hulbert and Else 2000).
Changes in membrane fluidities also impact membrane-
associated protein function (Hazel and Williams 1990;
Hulbert and Else 2000). Changes in mitochondrial mem-
brane composition with thermal acclimation have been
reported in fishes (Caldwell and Vernberg 1970; Cossins
et al. 1980; Van den Thillart and De Bruin 1981), although
changes may not be universal (Trigari et al. 1992; Van den
Thillart and Modderkolk 1978). Such differences in lipid
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composition and/or membrane-associated protein function
may account for the increased coupling of B. medius
mitochondria at high temperatures.

Excess capacity of cytochrome ¢ oxidase

Bellapiscis medius also had a higher CCO flux with less
CCO control (CCO/OXPHOS) than the two subtidal spe-
cies. Reasons for the excess capacity of CCO above that of
maximal respiration appear to be complex (Gnaiger et al.
1998), particularly in heart tissue where CCO is high
(Gnaiger et al. 1998). The higher relative flux of CCO in
B. medius may result from either elevated amounts of
CCO, or from altered kinetics, i.e. higher affinities for
substrates (O,, cytochrome c). In either context, an ele-
vated CCO flux may aid O, binding at low O, tensions
(Gnaiger 2003). This is consistent with B. medius having a
considerably greater hypoxia tolerance (lower O, ;) than
the other species tested. Rockpools can become hypoxic,
due to respiration and elevated temperatures, or hyperoxic,
due to algal photosynthesis. Elevated CCO may also be an
advantage for B. medius in the case of hyperoxia, as ele-
vated CCO activities have been associated with an increase
in hyperoxia tolerance in cultured cells through reduced
ROS production (Campian et al. 2007).

CCO is also regulated by nitric oxide (NO) (Antunes
et al. 2004), in particular in pathological settings (Borutaite
and Brown 1996; Davidson and Duchen 2006). At least in
mammalian heart, NO is a vasodilator that is produced by
nitric oxide synthase (NOS) under hypoxia, and NO plays a
substantial role in cardiac regulation (Davidson and Duchen
2006; Paulus and Bronzwaer 2004). Although it is a vaso-
dilator it also inhibits respiration at CCO at low O, tensions,
while in normoxia CCO metabolises NO (Borutaite and
Brown 1996). An elevated number of CCO enzymes can
also act to increase the binding affinity of CCO for O,
(Gnaiger et al. 1998). Therefore an elevated CCO pool may
provide B. medius with a means to maintain adequate
function during periods of hypoxia despite elevated NO
inhibition. It may also aid NO clearance on return to nor-
moxia. Mammalian cardiac mitochondria have a greater
excess capacity of CCO relative to other tissues such as
liver (Benard et al. 2006), and this may be to accommodate
NO inhibition and to increase oxygen binding affinities.

Bellapiscis medius has the highest CCO flux and also
displays the greatest tolerance to hypoxia among the three
species tested. These data suggest that selection has
occurred at CCO in B. medius, and may support the pro-
posal that limitations on oxygen supply may mediate car-
diac failure in ectotherms at elevated temperatures (Portner
2001; Portner 2002; Portner and Knust 2007; Portner et al.
2004), as enhanced O, binding in B. medius may com-
pensate for decreased O, delivery to the heart.

@ Springer

Summary

We have demonstrated that heart mitochondrial respiratory
efficiency declines markedly within ecologically relevant
temperatures in these fishes, despite full oxygenation.
Mitochondrial dysfunction at high temperatures can limit
ATP supply and is often accompanied by elevated reactive
oxygen species formation (Abele et al. 2007; Turrens
2003). Both can result in a drive towards necrosis or
apoptosis, and these processes may ultimately lead to heart
failure even in the presence of adequate oxygen (Sheeran
and Pepe 2006). Therefore mitochondrial dysfunction with
rising temperatures may at least in part drive temperature-
induced heart failure in ectotherms.

Overall, this study has shown clear differences in mito-
chondrial function between three closely related species of
fishes that appear to reflect differences in the species range
and maximal habitat temperatures, and likely exposure to
hypoxia. The intertidal species B. medius shows a greater
efficiency of OXPHOS at high temperatures than the two
subtidal species and a greater ability to increase and
maintain OXPHOS at higher temperatures than its subtidal
relatives. A much higher tolerance to hypoxia in B. medius
is also associated with a more stable CI flux and higher CCO
flux at all temperatures, indicating that differences in
mitochondrial performance may be important in allowing
this species to occupy a more extreme and variable habitat.
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