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Summary
Goldfish have been used for cold acclimation studies, which
have focused on changes in glycolytic and oxidative enzymes or
alterations in lipid composition in skeletal muscle. Here we
examine the effects of cold acclimation on the functional
properties of isolated mitochondria and permeabilized fibers
from goldfish white skeletal muscle, focusing on understanding
the types of changes that occur in the mitochondrial respiratory
states. We observed that cold acclimation promoted a significant
increase in the mitochondrial oxygen consumption rates.
Western blot analysis showed that UCP3 was raised by ,1.5fold in cold-acclimated muscle mitochondria. Similarly, we also
evidenced a rise in the adenine nucleotide translocase content in
cold-acclimated muscle mitochondria compared to warmacclimated mitochondria (0.9660.05 vs 0.6860.02 nmol
carboxyatractyloside mg21 protein). This was followed by a 2fold increment in the citrate synthase activity, which suggests a

Introduction
Ectothermic fish, which vary their body temperature according to
the environmental temperature, are widespread in a variety of
environments. Fish have evolved several strategies to deal with
the hardships imposed by cold temperature. For example,
Antarctic notothenioids express antifreeze glycoproteins in their
body fluids at the same time that they also possess high densities
of mitochondria (Harding et al., 2003; O’Brien and Mueller,
2010). Eurythermal freshwater fish are exposed to widely
fluctuating water temperatures varying from 0–4 ˚C during the
winter to over 30 ˚C in summer. Several studies have used these
fish to understand how metabolic adaptation to low temperatures
is achieved (for reviews, see Guderley, 2004; Somero, 2004;
Seebacher et al., 2010; O’Brien, 2011). Cold acclimation can
modify diverse metabolic parameters mainly related to the
oxidative capacity of skeletal muscle. Changes in the expression
and activities of mitochondrial enzymes have been well
documented in rainbow trout (Oncorhynchus mykiss), carp
(Cyprinus carpio), cod (Gadus morhua) and zebrafish (Danio
rerio) (Battersby and Moyes, 1998; Gracey et al., 2004; Lucassen
et al., 2006; McClelland et al., 2006). Furthermore, enhancement
of mitochondrial volume density has been described in striped
bass (Morone saxatilis), stickleback (Gasterosteus aculeatus) and
European eel (Anguilla anguilla) (Egginton and Johnston, 1984;

higher mitochondrial content in cold-acclimated goldfish. Even
with higher levels of UCP3 and ANT, the effects of activator
(palmitate) and inhibitors (carboxyatractyloside and GDP) on
mitochondrial parameters were similar in both warm- and coldacclimated goldfish. Thus, we propose that cold acclimation in
goldfish promotes an increase in functional oxidative capacity,
with higher mitochondrial content without changes in the
mitochondrial uncoupling pathways.
ß 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Egginton and Sidell, 1989; Orczewska et al., 2010). In some
species, such as short-horned sculpin (Myoxocephalus scorpius)
and rainbow trout (Oncorhynchus mykiss), adjustments in
membrane phospholipids composition contribute for changes in
mitochondrial oxidative capacity (Guderley and Johnston, 1996;
Guderley et al., 1997). Altogether, these changes may enhance
catalytic capacity and facilitate effusive processes (Egginton and
Sidell, 1989).
Goldfish (Carassius auratus L.) have been used for studying
metabolic responses to several environmental challenges. For
instance, this eurythermal fish is able to be active even at low
temperatures and to survive to hypoxia and anoxia. With regard
to cold acclimation, the mechanisms underlying this thermal
compensation of swimming performance at low temperatures are
complex and involve changes in the central and peripheral
nervous systems, muscles, and other tissues (Hazel and Prosser,
1974; Johnston and Dunn, 1987). Most of the changes related to
skeletal muscle metabolism that have been reported in goldfish
suggest a more aerobic phenotype, mainly through alterations in
mitochondrial enzymes (Hazel, 1972b; Hazel, 1972a; Sidell,
1980; LeMoine et al., 2008), mitochondrial volume density
(Tyler and Sidell, 1984) and the relative proportion of slow
twitch fibers in the myotomes (Johnston and Lucking, 1978).
Little is known about mitochondrial physiology, however, such
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as respiratory rates of oxygen consumption and substrate
preferences. Van den Thillart and Modderkolk observed a higher
phosphorylative state (state 3) in isolated mitochondria from coldacclimated goldfish compared to their warm-acclimated
counterparts (van den Thillart and Modderkolk, 1978). This
difference was attributed to modifications in the apparent
Arrhenius activation energies and in the phospholipid composition
of the mitochondria isolated from white and red muscles.
The present study aims to examine the effects of cold
acclimation on the functional properties of isolated
mitochondria and permeabilized fibers from goldfish white
skeletal muscle, focusing on coupled and uncoupled oxygen
consumption. Because goldfish are particularly cold tolerant, we
decided to use an acclimation protocol that has been recently
described by our group (dos Santos et al., 2010) to understand
what types of changes occur in the mitochondrial respiratory
states and mechanisms that could be affecting ATP synthesis. We
compared white muscle mitochondria isolated from goldfish
acclimated to 25 ˚C or 5 ˚C for one month. After a cold
acclimation period, measurements were made in mitochondria,
and fibers were isolated from goldfish white skeletal muscle. We
present evidence for an enhanced mitochondrial biogenesis after
cold exposure in the goldfish white skeletal muscle. We are also
the first to use isolated fibers to address this question. We
observed that acclimation to 5 ˚C promotes an increase in
basically all respiratory states when using succinate (plus
rotenone) as a substrate. In addition, oxygen consumption
performed with permeabilized fibers showed an increase in all
respiratory rates in cold-acclimated fish independent of the
substrates used. We used different approaches to investigate if
cold acclimation could promote mitochondrial uncoupling by
adenine nucleotide translocase (ANT) and uncoupling proteins
(UCPs). Palmitate (PA) was able to increase oxygen consumption
in state 4o in mitochondria from warm-acclimated and coldacclimated goldfish, and carboxyatractyloside (CAT), but not
guanosine diphosphate (GDP), reduced palmitate-uncoupled
respiration. The addition of bovine serum albumin free of fatty
acid (BSAFFA), which chelates fatty acids, returned the oxygen
consumption to the basal rate in both conditions. A similar effect
was observed when the oxygen consumption rate was measured
using permeabilized fibers. Both ANT content and uncoupling
protein 3 (UCP3) expressions were higher in cold-acclimated
goldfish, which may be associated with a greater mitochondrial
content. Altogether, these results suggest that cold acclimation in
goldfish promotes an increase in functional oxidative capacity,
which may be attributed to higher rates of mitochondrial
biogenesis. More importantly, we show that cold acclimation
does not lead to mitochondrial uncoupling in goldfish.
Materials and Methods
Ethics statement
All experimental and holding procedures were approved by the Ethics Committee
of the Carlos Chagas Filho Institute of Biophysics, Health Sciences Centre, Federal
University of Rio de Janeiro (Protocol no. IBQM049).

Reagents and materials
Unless otherwise specified, all reagents were purchased from Sigma Chemical Co.
(St. Louis, MO).

Animals and acclimation process
Goldfish were purchased from a local breeder (Duque de Caxias, RJ), maintained
in a glass aquarium with aerated and dechlorinated water, and fed two to three
times a day with commercial goldfish food pellets. Fish (20–30 g) were maintained
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at 25 ˚C on a 12 hour:12 hour light/dark cycle and were generally used within 1–
1.5 months of arrival. The acclimation was performed using a refrigeration unit
(347 CDG-FANEMH, São Paulo, Brazil) as described previously (dos Santos et
al., 2010). Fish were kept at least for three days in the lab before starting the
experiment in order to minimize the potential stress caused by transportation.
Subsequently, they were divided into two groups of five to six fish each and
transferred to a new aquarium. One group (warm-acclimated) was kept at 25 ˚C
(60.5 ˚C), and the second group (cold-acclimated) was submitted to an acclimation
process using the refrigeration unit above. For the cold-acclimated group, the
temperature of the refrigeration unit was gradually reduced 3 ˚C per day for one
week until it reached 5 ˚C (60.5 ˚C), and the animals were kept at this condition for
four additional weeks.

Isolation of skeletal muscle mitochondria
After the acclimation period, animals were killed by decapitation and skeletal
muscle mitochondria were isolated based on an adapted protocol from Chappell
and Makinen (Chappell and Perry, 1954; Makinen and Lee, 1968). All
manipulations were carried out at 4 ˚C. White axial muscle (2–4 g) was rapidly
removed and washed in Basic Medium (BM) containing 140 mmol l21 KCl,
20 mmol l21 HEPES, 5 mmol l21 MgCl2 and 1 mmol l21 EGTA, pH 7.0. After
contaminants were removed, the tissue was sliced into small pieces in the same
buffer (1:1 w/v), and Homogenization Medium (HM) containing 140 mmol l21
KCl, 20 mmol l21 HEPES, 5 mmol l21 MgCl2, 2 mmol l21 EGTA, 1 mmol l21
ATP, 1% BSA and 2 mg g21 muscle wet weight of trypsin, pH 7.0 (1:10 w/v)
were added. The tissue was homogenized in a Teflon glass potter, and the
homogenate was centrifuged at 500 g for 10 minutes. The supernatant was strained
through cheesecloth, diluted twice with HM and re-centrifuged at 500 g for
10 minutes. The resultant supernatant was strained through cheesecloth and
centrifuged at 10,000 g for 10 minutes. The pellet was resuspended in BM and
incubated on ice for 3–5 minutes for myofibrillar re-polymerization. This fraction
was centrifuged at 500 g for 10 minutes, and the retained supernatant was
centrifuged at 10,000 g for 10 minutes. The final pellet obtained was resuspended
in BM and kept at 4 ˚C until assayed.

Preparation of skeletal muscle permeabilized fibers
The fibers from white axial muscle tissues obtained from both groups were
prepared as previously described (Kuznetsov et al., 2004). Briefly, from a 100 mg
tissue sample, fiber bundles were prepared and nearly all fibers were used for
usually three replicate experiments. The relaxing solution contained 2.77 mmol
l21 CaK2EGTA, 7.23 mmol l21 K2EGTA (free Ca2+ concentration 0.1 mmol l21),
20 mmol l21 imidazole, 20 mmol l21 taurine, 6.56 mmol l21 MgCl2, 5.77 mmol
l21 ATP, 15 mmol l21 phosphocreatine, 0.5 mmol l21 dithiothreitol, and 50 mmol
l21 K-MES, pH 7.1. Skeletal muscle fibers (,10 mg) were permeabilized by
gentle agitation for 30 minutes at 4 ˚C in the relaxing solution supplemented with
50 mg ml21 saponin. Fibers were washed in ice-cold respiration medium (see
below) by agitation for 10–15 minutes and were kept in this medium (see below)
until respirometric assay.

Protein determination
The protein concentration in the subcellular fractions and isolated mitochondria
was determined by the Folin-Lowry method, using BSA as a standard (Lowry et
al., 1951).

Oxygen consumption in isolated mitochondria
Two sets of experiments were performed using isolated mitochondria from warmacclimated and cold-acclimated goldfish. In the first, oxygen consumption was
measured using a Clark-type electrode (Hansatech Instruments, Norfolk, England)
in a respiration medium (RM-A) containing 60 mmol l21 Tris-HCl, pH 7.4,
110 mmol l21 mannitol, 60 mmol l21 KCl, 5 mmol l21 KH2PO4, 5 mmol l21
MgCl2, 0.5 mmol l21 EDTA, 0.2 mg ml21 BSA essentially fatty acid free
(BSAFFA). Mitochondria (0.3 mg ml21) were incubated with 0.5 ml of RM-A, and
the cuvette was closed immediately before starting the experiments. Basal
respiration (State 2) was measured after the addition of mitochondrial substrates
(5 mmol l21 pyruvate plus 5 mmol l21 malate for complex I and 10 mmol l21
succinate plus 1 mmol l21 rotenone for complex II). The phosphorylating
respiration rate (State 3) was measured with the addition of 0.15 mmol l21
ADP; State 4o (proton leak) and State 3u (uncoupled state) were reached with the
addition of 1 mg ml21 oligomycin and 0.5 mmol l21 FCCP, respectively.
In the second set of experiments, respiration was measured in titration-injection
high-resolution respirometers (Oroboros, Oxygraph; Innsbruck, Austria) (Gnaiger,
2001). The respiration medium (RM-B) consisted of 110 mmol l21 sucrose, 60 mmol
l21 K-MES, 0.5 mmol l21 EGTA, 3 mmol l21 MgCl2, 20 mmol l21 taurine,
10 mmol l21 KH2PO4, 20 mmol l21 K-HEPES, pH 7.1 (Gnaiger et al., 2000).
Mitochondria (0.3 mg ml21) were incubated with 2.0 ml of RM-B, and the cuvette
was closed immediately before starting the experiments. The same mitochondrial
substrates were used as in the first set of experiments. Where indicated, 5 mmol l21
CAT, 10 mmol l21 palmitic acid (PA), 1 mmol l21 GDP and 1 mg ml21 BSAFFA
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were added to the respiration medium. All experiments with isolated mitochondria
were carried out at 25˚C with continuous stirring in respiration buffer.

Oxygen consumption in permeabilized fibers using high-resolution
respirometry
Respiration was measured at 25 ˚C in titration-injection respirometers (Oroboros,
Oxygraph; Innsbruck, Austria) (Gnaiger, 2001). Permeabilized fibers (,10 mg)
were incubated with 2.0 ml of the RM-B plus 1 mg ml21 BSAFFA, and the cuvette
was closed immediately before starting the experiments. The types and
concentrations of mitochondrial substrates used were the same as those in the
experiments with isolated mitochondria, except for ADP, which was used at
2 mmol l21. To evaluate proton leak, BSAFFA was left out of the respiration
medium. Where indicated, 10 mmol l21 PA, 1 mmol l21 GDP, 5 mmol l21 CAT
and 1 mg ml21 BSAFFA were added to the respiration medium.
The experiments using isolated mitochondria and muscle fibers were performed
carefully. Drugs were injected sequentially and each injection was made based on
the stabilization of oxygen consumption rate after every single injection. The
oxygen concentration of the medium at the end of each experiment was never less
than 100 nmol/ml in order to avoid a possible hypoxic condition.

Measurement of ANT content by CAT titration
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Measurement and calculation of ANT content was performed as described
previously (Brand et al., 2005) with slight modifications. Briefly, mitochondria
(0.3 mg ml21) were incubated with 2.0 ml of RM-B plus 1 mg ml21 BSAFFA, and
the cuvette was closed immediately before starting the experiments. After the
addition of complex II substrates (10 mmol l21 succinate plus 1 mmol l21
rotenone), excess ADP (0.5 mmol l21) was added, followed by CAT titration (0–
0.5 mmol l21), until state 4 was well established. After, more ADP (0.5 mmol l21)
was added to determine if the mitochondria were in state 4, followed by the
addition of 0.5 mmol l21 FCCP.

Immunoblotting of UCPs
Mitochondrial proteins (50 mg) from warm-acclimated and cold-acclimated goldfish
were separated on 13% polyacrylamide gels and then transferred onto nitrocellulose
membranes. Blots were blocked with 5% milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T) for 2 hours and probed overnight at 4 ˚C with antibodies raised
against rat, mouse and human UCP3 (ab3477, Abcam, Cambridge, MA) at a dilution
of 1:1000 in TBS-T. Blots were washed with TBS-T and incubated with affinitypurified goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody
(GE Healthcare, Buckinghamshire, UK) for 1 hour at room temperature. The blots
were washed again and developed using a standard ECL detection kit (Millipore
Corporation, Billerica, MA, USA). Signal intensity was measured by densitometry
using Un-Scan-it gel Version 6.1 software (Silk Scientific Corporation, Utah, USA).
We tried unsuccessfully to measure the expression of COX4 as a loading control. We
then normalized our signals to the amount of protein added.

Statistical analysis
All data were analyzed using PRISM software (GraphPad Software, Inc., San
Diego, CA, USA) and are expressed as the mean 6 s.e.m. Student’s t-test was used
for single comparisons between two groups. Symbols indicate a significant
difference between warm- and cold-acclimated groups and the P values are
presented in the figure legends. Statistical significance was defined as P,0.05.
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As shown in Fig. 1A, the cold acclimation was found to
promote a significant increase in the oxygen consumption rate
during oligomycin-inhibited respiration (state 4o) when pyruvate
and malate are used as respiratory substrates. The respiratory
states 2 (basal), 3 (ADP-induced phosphorylating respiration
rates) in mitochondria from cold-acclimated goldfish using these
substrates showed a tendency to increase, but this result was not
statistically significant.
During succinate oxidation (Fig. 1B), we found a significant
increase in oxygen consumption in respiratory states 2, 3 and 4o
in the mitochondria derived from cold-acclimated goldfish.
Surprisingly, the rates of oxygen consumption in mitochondria
from cold-acclimated animals in the presence of FCCP (state 3u)
was almost twice as high, which might suggest a greater number
of respiratory complexes.
Oxygen consumption of white muscle permeabilized fibers:
effect of cold acclimation

To investigate mitochondrial function, one can either use isolated
mitochondria or permeabilized fibers. As described previously
(Sperl et al., 1997; Picard et al., 2011), there are some problems
with using isolated mitochondria, including potentially poor
yield, stability of function and morphological state. Thus, we
decided to also investigate the effects of cold acclimation using
saponin-permeabilized fibers from goldfish white skeletal muscle
to more closely match the physiological state.
At first glance, the effects of cold acclimation were more
pronounced in permeabilized fibers than in isolated mitochondria,
except for state 4o (Fig. 2). As observed for isolated mitochondria
(Fig. 1), cold acclimation promoted an increase in basal respiration
rates when substrates for complexes I and II were added (state 2,
Fig. 2). In addition, the rates of respiration in states 3 and 4o were
,2-fold higher in cold-acclimated goldfish.
Respiratory rates in permeabilized fibers are expressed by wet
weight (in milligrams), which considers the total amount of
mitochondria per weight of fiber added. Thus, the effect of cold
acclimation that was observed in permeabilized fibers could be
due to an increase in mitochondrial biogenesis. Citrate synthase
activity, which is largely used as a mitochondrial content marker,
was found to be ,2-fold higher in cold-acclimated fish than
warm-acclimated fish (0.4460.02 vs 0.2360.02 mmol citrate
mg21 minute21, n55 fish per group; P,0.0001), suggesting that
there is a higher mitochondrial content after cold acclimation.

Results
Oxygen consumption of mitochondria isolated from white
muscle: effect of cold acclimation

Proton leak in warm-acclimated and cold-acclimated whitemuscle-isolated mitochondria and permeabilized fibers

Using a protocol for cold acclimation described previously by our
group (dos Santos et al., 2010), we measured the different
mitochondrial respiratory states in white muscle mitochondria
isolated from warm-acclimated and cold-acclimated goldfish (Fig. 1).

Cold acclimation was found to promote a strong increase in state
4o in goldfish white muscle; this effect was observed both in
isolated mitochondria and permeabilized fibers (Figs 1, 2).
Proton leakage, which partially uncouples the oxidative

Fig. 1. Changes in maximal mitochondrial oxidative capacity
during cold acclimation: O2 consumption in isolated mitochondria
from warm-acclimated and cold-acclimated goldfish. Procedures
for isolating the mitochondria and measuring the rates of oxygen
consumption and respiratory states for the first set of experiments are
described in Materials and Methods. (A) 5 mmol l21 Pyruvate +
5 mmol l21 Malate and (B) 10 mmol l21 Succinate. White bars
represent warm-acclimated, and gray bars represent cold-acclimated.
Values are the mean 6 s.e.m. of 5 fish per group. #P,0.05 and
*P,0.01 compared to the warm-acclimated group.
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Fig. 2. Changes in maximal mitochondrial oxidative capacity
during cold acclimation: O2 consumption in permeabilized
fibers from warm-acclimated and cold-acclimated goldfish.
Procedures for the permeabilization of fibers and measurements
of the rates of oxygen consumption and respiratory states are
described in Materials and Methods. (A) 5 mmol l21 Pyruvate +
5 mmol l21 Malate and (B) 10 mmol l21 Succinate. White bars
represent warm-acclimated, and gray bars represent coldacclimated. Values are the mean 6 s.e.m. of 10 fish per group.
#
P,0.05, *P,0.01 and **P,0.001 compared to the warmacclimated group.

phosphorylation, may be associated with the presence of UCPs
and ANT (Andreyev et al., 1989; Brand and Esteves, 2005;
Krauss et al., 2005). However, the role of UCP3 as a source of
proton leak is still under debate by several groups (for a review,
see Nedergaard and Cannon, 2003). Thus, we asked whether the
cold-induced proton leak could be due to the presence of such
proteins. To answer this question, we measured the effect of an
activator (PA) or inhibitors (GDP, CAT and BSA) of ANT and
UCP upon oligomycin-inhibited respiration rate in isolated
mitochondria and permeabilized fibers (Fig. 3). We found that
all respiration conditions in mitochondria and fibers isolated from
cold-acclimated fish were higher than those from warmacclimated fish. Palmitate was able to increase oxygen
consumption in both preparations (mitochondria and fibers).
GDP did not have any effect on these rates, but CAT and BSA
decreased the stimulation promoted by PA addition, with the
most pronounced effect being observed with BSA.
ANT and UCP3 content

White muscle mitochondria were isolated from warm-acclimated
and cold-acclimated fish, and the amount of functional ANT was
determined quantitatively by titration with CAT, an ANT high
affinity inhibitor. The titration showed that the ANT content of
cold-acclimated muscle mitochondria was 1.4-fold higher than
that of warm-acclimated muscle mitochondria (0.9660.05 vs
0.6860.02 nmol CAT mg21 protein, n54, P,0.01) (Fig. 4A).
We were unable to perform western blots using a commercial
rabbit polyclonal antibody against ANT. We did have success
using a commercial rat polyclonal antibody against UCP3 in
Western blots analysis. The antibody was found to effectively
recognize a single band in a concentration curve of protein that
was a few kilodaltons smaller than the positive control made with

isolated mitochondria from mouse gastrocnemius muscle (data
not shown). We determined that UCP3 is present in mitochondria
from warm-acclimated and cold-acclimated fish. We found that
cold acclimation promotes a 1.5-fold increase in the level of
UCP3 in cold-acclimated fish.
Discussion
Cold acclimation promotes several changes in metabolic
parameters not just in fish but also in mammals, birds, reptiles
and amphibians (Bicudo et al., 2002; Trzcionka et al., 2008;
Cannon and Nedergaard, 2011; Guderley and Seebacher, 2011).
These metabolic responses play a crucial role in the thermal
adaption to environmental change. In fish, multiple adaptive
mechanisms can mediate survival at low temperatures, such as
the synthesis of antifreeze proteins in Antarctic fish, endothermy
in salmon sharks, the presence of a heater organ in swordfish and
the enhancement of oxidative capacity in the striped bass and
crucian carp (for a review, see Hochachka and Somero, 2002).
The elevation of oxidative capacity is particularly important in
the skeletal muscle, especially in cold-active species, which
maintain their swimming activities even at low temperatures.
Among these species are the cyprinids, which are eurythermal
fish that have evolved compensatory responses to climatic
changes that occur naturally in their habitat.
In fish, one of the most relevant survival strategies for cold
acclimation is the concentration increase of aerobic metabolic
enzymes, such as enzymes involved in the Krebs cycle and
oxidative phosphorylation, which reside within the
mitochondrion (for a review, see O’Brien, 2011). In certain
cyprinid species such as goldfish, cold acclimation increases the
oxidative capacity of skeletal muscle, mainly by increasing
mitochondrial volume density, enzyme activity, and changes in

Fig. 3. Effect of palmitate, GDP, carboxyatractyloside and BSAFFA on proton leak in isolated mitochondria and permeabilized fibers from warm-acclimated
and cold-acclimated goldfish. Procedures for the preparation of isolated mitochondria and permeabilized fibers and measurements of rates of oxygen consumption
and respiratory states are described in Materials and Methods. After achieving state 4o using complex II substrates, 10 mmol l21 palmitate (PA), 2 mmol l21 GDP,
5 mmol l21 CAT and 1 mg ml21 BSAFFA were added into the respiratory chamber. (A) Isolated mitochondria (B) permeabilized fibers. White bars represent warmacclimated, and gray bars represent cold-acclimated. Values are the mean 6 s.e.m. of 3–5 fish per group. *P,0.01, **P,0.001 and ***P,0.0001 compared to the
warm-acclimated group.
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Fig. 4. ANT and UCP3 content in warm-acclimated and cold-acclimated
goldfish. ANT content (A) and UCP3 expression (B) were measured as
described in Materials and Methods. (A) ANT contents measured by CAT
titration. Values are the mean 6 s.e.m. of four fish per group; (B) representative
gel and results from the densitometry expressed as arbitrary units. Values are
the mean 6 s.e.m. of three fish per group. *P,0.01 compared to the warmacclimated group. White bars represent warm-acclimated (WA) and gray bars,
cold-acclimated (CA).

the phospholipid composition (van den Thillart and Modderkolk,
1978; Tyler and Sidell, 1984; LeMoine et al., 2008). In addition,
a shift in the relative distribution of different muscle fiber types
has been observed (Johnston and Lucking, 1978). This increase in
mitochondrial volume density upon cold acclimation is a result of
mitochondrial biogenesis in cyprinids. This effect could be
related to an increase in the expression of nuclear respiratory
factor 1 (NRF-1) and peroxisome proliferator-activated receptor
gamma coactivator (PGC)-1b (rather than PGC-1a), which are
known to regulate nuclear and mitochondrial genes involved in
mitochondrial assembly (LeMoine et al., 2008; Bremer et al.,
2012). Because mitochondrial content, as well as the activity of
enzymes involved in mitochondrial metabolism, increases after
cold exposure we decided to investigate whether respiratory
states are altered in the white muscle mitochondria from coldacclimated goldfish.
We measured oxygen consumption in permeabilized fibers and
found that cold acclimation promotes an increase in all
respiratory states, independent of the substrate used (Fig. 2). It
has been reported previously that cold-acclimated goldfish have a
higher mitochondrial density, which can be observed in
transmission electron microscopy and by measuring the activity
of mitochondrial enzymes (Tyler and Sidell, 1984; LeMoine et
al., 2008). Because our measurements using permeabilized fibers
consider the whole mitochondrial content per fiber, the observed
increase in respiratory states may be consequence of this higher
mitochondrial volume density. Indeed, we also observed that
citrate synthase activity, which is largely used as a marker for
mitochondrial content, was 2-fold higher in cold-acclimated
goldfish. Although this increase in the mitochondrial volume
density after cold acclimation in goldfish has already been
reported, we have now demonstrated that this increase in density
reflects in the oxygen consumption.
In isolated mitochondria, we observed that cold acclimation
promotes an increase in respiratory rates (Fig. 1). When pyruvate
plus malate were used as complex I substrates, only oxygen
consumption at state 4o was increased after cold acclimation
(Fig. 1A). Conversely, the use of succinate (plus rotenone) as a
substrate increased basically all respiratory states (states 3, 4o
and 3u) after cold acclimation (Fig. 1B). In addition, a higher
phosphorylative state (state 3) has been observed previously (van
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den Thillart and Modderkolk, 1978) and indicates an increase in
the oxidative capacity of mitochondria after cold acclimation,
which can be explained by higher ANT content (Fig. 4). These
results show that cold acclimation increases mitochondrial
content and respiratory rate.
In agreement with the results above, we observed that state 4o
as well as ANT and UCP3 content are only proportionally
increased with increased total mitochondrial yield, suggesting
that there is no evidence for enhanced uncoupling. Calculation of
RCR showed no difference between warm and cold-acclimated
goldfish, confirming the absence of cold-induced mitochondrial
uncoupling.
We propose that cold acclimation promotes changes in
mitochondrial bioenergetics by affecting mitochondrial
biogenesis, the expression/activity of mitochondrial enzymes and
mitochondrial membrane composition. While an increase in the
levels of enzymes related to energy synthesis (e.g. succinate
dehydrogenase and cytochrome c oxidase) increases oxidative
capacity, higher levels of ANT and UCP3 might constitute an
antioxidant defense mechanism to attenuate the generation of
reactive oxygen species and oxidative stress. However, there is no
evidence for a physiological role for these proteins in goldfish and
more studies should be performed to address this question.
In conclusion, we have shown here that cold acclimation
process modulates a metabolic program in order to augment the
oxidative capacity by increasing mitochondrial machinery.
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