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Cytochrome Oxidase as an Indicator of Ice Storage and Frozen

Storage

Helene Godiksen* and Flemming Jessen

Department of Seafood Research, Danish Institute for Fisheries Research,
Technical University of Denmark, Building 221, DK-2800 Lyngby, Denmark

The potential of cytochrome oxidase as an indicator of ice storage and frozen storage of fish was
investigated. Optimal assay conditions for cytochrome oxidase in a crude homogenate from cod muscle
were studied. Maximal cytochrome oxidase activity was found at pH 6.5—7.5 and an assay
temperature of 30 °C. Maximal activation by Triton X-100 was obtained in a range of 0.62—1.25
mM Triton X-100. The specificity of the assay was high, as cytochrome oxidase was inhibited 98%
by 33 uM of the specific inhibitor sodium azide. The coefficient of variation of cytochrome oxidase
activity in different cods was 21%, and the coefficient of variation of different analyses on the same
homogenate was 5%. It was shown that ice storage of muscle samples before they were frozen and
thawed resulted in a major freezing-induced activation of cytochrome oxidase activity. The enzyme
may therefore be used as an indicator of frozen fish to determine if the fish has been stored on ice
before freezing. Cytochrome oxidase activity showed also potential as an indicator of frozen storage,
as it was possible to distinguish between the frozen storage temperatures —9, —20, and —40 °C.
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INTRODUCTION

Freezing and frozen storage are commonly used for
preservation of fish. When the processes of freezing,
frozen storage, and thawing of fish are done properly,
the sensory properties of the frozen—thawed fish can
be similar to those of fresh fish. However, proper
treatment of fish after catch can sometimes be far from
reality and, consequently, consumers often prefer fresh
fish. Fresh fish has a limited shelf life and is susceptible
to deterioration even when stored on ice (0 °C). In
contrast, fish can be stored in a frozen state for several
months without severe changes in quality. The limiting
factor of frozen storage in lean fish species is denatur-
ation of proteins, which results in a dry and firm texture
of the fish muscle (1). In fatty fish species lipid oxidation
will often be the limiting factor, resulting in a rancid
flavor (2).

To determine whether a fish has been properly stored,
it is necessary to develop a set of indicators that can
differentiate between optimal and less optimal storage
conditions. Numerous approaches have been taken to
correlate physical and chemical changes in the fish
muscle, such as protein solubility and oxidation, to
quality changes in frozen fish (3). There is still a need,
however, to find indicators that can give information
on the time and temperature history of a frozen fish.
Another problem is to distinguish between fresh and
frozen fish (4). Enzyme activity has shown to be a useful
indicator for this purpose, and most of the enzymes used
are located in the lysosomes or in the mitochondrial
matrix; as a result of membrane disruption they are
released from the organelles after freezing and thawing.
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In this paper a new approach using membrane-bound
enzymes as indicators of changes in fish muscle is
presented. Membrane-bound enzymes, that is, enzymes
which are located in the lipid bilayer of cellular mem-
branes, are affected by changes in the lipid phase as
well as in the aqueous phase in a muscle cell (5). Ice
storage, freezing, and frozen storage are processes that
result in changes in both of these phases. For example,
membrane lipids are exposed to hydrolysis and oxida-
tion, and the aqueous phase is changed by dehydration
and changes in pH (1). These changes are known to
affect the activity of membrane-bound enzymes (6).
Hence, the activity of membrane-bound enzymes can be
expected to be a good indicator of physical and chemical
changes in muscle cells.

A previous study showed that the activity of cyto-
chrome oxidase in a frozen—thawed homogenate of
salmon muscle was highly affected by an ice storage
period before freezing and freeze—thaw cycles (7).
Cytochrome oxidase is embedded in the inner mitochon-
drial membrane, and like many other membrane-bound
enzymes its activity depends strongly on the micro-
enviroment of the enzyme (8). Specifically, it has been
shown that cytochrome oxidase has a requirement of
tightly bound cardiolipin to be fully active (9). Changes
in the membrane during ice storage and frozen storage
are likely to disturb the very sensitive interaction
between cytochrome oxidase and the surrounding mem-
brane lipids and proteins, resulting in a changed level
of cytochrome oxidase activity. Therefore, this enzyme
might be a good indicator of ice storage and frozen
storage.

In the present study we investigate the potential of
cytochrome oxidase (EC 1.9.3.1) as an indicator of an
ice storage period before freezing and as an indicator of
frozen storage conditions. To measure the effect of
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changes in the membrane on cytochrome oxidase due
to ice storage and frozen storage, the activity will be
measured in a crude homogenate to avoid the effects of
a fractionation procedure to interfere with the results.
Cytochrome oxidase activity has been measured in
crude homogenates from heart and red muscle from
several fish species (10) but not in white muscle from
cod as used in this study. In the following an assay of
cytochrome oxidase activity in crude homogenate from
cod muscle is described. To establish well-defined and
stable assay conditions, important aspects such as pH,
temperature, detergent, and substrate concentration
were studied to obtain optimal assay conditions of the
enzyme. A high specific activity of the enzyme will
increase the possibility of identifying significant changes
in activity as a result of changes in the membrane
induced by ice storage and frozen storage.

MATERIALS AND METHODS

Materials. Just caught (JC) cod (Gadus morhua) with body
weights of ~3 kg were obtained from Oresund, Denmark. All
chemicals used in this study were of analytical grade. Cyto-
chrome c (Cyt c) from bovine heart was obtained from Sigma.

Homogenate Preparation. Muscle samples were taken
from the area between the dorsal fin and the lateral line. Each
homogenate was made from 3.0 g of muscle, which was cut
up into small pieces in 24 mL of cold 10 mM Tris-HCI buffer
(pH 7.4) containing 0.25 M sucrose. This suspension was
homogenized by 10 up-and-down strokes in a Potter-Elvehjem
apparatus at 750 rpm using a Teflon pestle. The temperature
was kept below 4 °C, and the homogenization procedure did
not exceed 5 min.

Ice Storage and Freezing. Homogenates were prepared
from nine different JC and gutted cods and analyzed im-
mediately for cytochrome oxidase activity. Muscle samples
(4—6 g) from the JC cods were vacuum-packed and frozen at
—30 °C for 12 h. Cods were then stored on ice for 3 days, and
muscle samples from ice-stored cod were vacuum-packed and
frozen at —30 °C. After freezing, muscle samples were thawed
(1 h at 0 °C) and cytochrome oxidase activity was measured.

Frozen Storage. Nine JC cods were gutted and stored on
ice for 18 h. Muscle samples (4—6 g) were taken from each
cod, vacuum-packed, and frozen in a blast freezer (—40 °C)
for 15 h. Fish samples were then distributed at —9, —20, and
—40 °C (all samples from one fish at the same temperature).
Muscle samples were thawed at 0 °C for 1 h before homogenate
preparation and measurement of enzyme activity.

Cytochrome Oxidase Assay. The method of determina-
tion of cytochrome oxidase activity was based on assays for
fish tissues (11, 12). The activity of cytochrome oxidase was
measured by following the decrease in reduced cytochrome ¢
spectrophotometrically at 550 nm. One milliliter of homoge-
nate was incubated with 1 mL of detergent solution consisting
of 1.24 mM Triton X-100, 1 mM EDTA, and 1 mM NaHCOs.
After incubation, samples were centrifuged at 1000g (10 min,
4 °C) and the supernatant was used for measurement of
cytochrome oxidase activity.

Reduced Cyt c solution (41 uM, pH 7.0) was prepared just
before the analysis of enzyme activity: Cyt c was dissolved in
a 30 mM potassium phosphate buffer containing 1 mM EDTA
and reduced with dithionite (0.2 mg of dithionite in 1 mL of
buffer). The absorbance of the reduced Cyt ¢ solution should
be 0.7 + 0.05 read against a reference cuvette containing
completely oxidized Cyt c. One hundred microliters of super-
natant was added to 1 mL of reduced Cyt c solution in a
cuvette to start the reaction, and the absorbance (A) was
recorded every 20 s in 4 min. Finally, a few crystals of
potassium ferricyanide were added to completely oxidize the
Cyt ¢ and the absorbance (Ao) was registrated.

A linear relationship between logarithmic (A — Ao) and
reaction time was obtained, and enzyme activity was calcu-
lated by multiplying a pseudo-first-order constant (k) by the
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Figure 1. Assay of cytochrome oxidase activity in a homo-
genate incubated with (O) and without (A) sodium azide.
Oxidation of Cyt ¢ was followed as a decrease in reduced Cyt
¢ concentration measured at 550 nm. A is the absorbance at a
given time, and Ao is the absorbance of completely oxidized
Cyt ¢. A — Ao was plotted on a logarithmic scale against
reaction time. k is a first-order constant obtained from the
slope (o) of the initial linear part of reaction.

total concentration of Cyt c. The activities of cytochrome
oxidase are reported as micromoles of Cyt ¢ per minute per
gram of muscle.

Statistical Analysis. Student’s t test (one-sided) was used
to determine statistically significant differences between mean
values. p values of <0.01 were considered to be significant.

RESULTS

Although cytochrome oxidase activity has been meas-
ured in fish tissue (11, 12), studies on optimal assay
conditions for this enzyme are insufficient. Therefore,
experiments were performed to establish optimal assay
conditions for cytochrome oxidase activity in cod muscle
homogenate.

Assay and Specificity. The reaction product of
cytochrome oxidase activity, oxidized Cyt c, is a com-
petitive inhibitor of the enzyme. The constant for half-
inhibition, K;, of cytochrome oxidase by oxidized Cyt c
(3 uM) is equal to the constant of half-activation, Kp,
for the enzyme by its substrate, reduced Cyt c (13).
Determination of enzyme activity therefore had to be
based on initial reaction rates. The result of a typical
assay for cytochrome oxidase activity in a cod muscle
homogenate is shown in Figure 1. During the first 10
min of reaction a linear relationship between In(A — Ap)
and reaction time was obtained, and the slope of the
line (o) was used to calculate the initial rate of Cyt c
oxidation. After 10 min of reaction, the rate of oxidation
of Cyt c decreased, probably due to a low concentration
of substrate and/or inhibition by oxidized Cyt c.

NaNg3 is a specific inhibitor of cytochrome oxidase (14),
and the specificity of the assay was investigated by
inclusion of NaN3 in the assay before the reaction was
initiated by the addition of homogenate. Figure 1 also
shows an assay for cytochrome oxidase activity with 33
uM NaNg3 present in the assay, resulting in an inhibition
of 98% of the enzyme activity. Increasing the concentra-
tion of NaN3 >10 times in the assay (370 uM) did not
further inhibit cytochrome oxidase.

Linearity of the assay was confirmed when cod muscle
homogenate was added to the assay in a range of 0—200
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Figure 2. Effect of Triton X-100 on cytochrome oxidase
activity. Homogenates prepared from a just caught cod (O),
an ice-stored (0 °C for 3 days) cod (2), and a frozen stored (—20
°C for 3 months) cod (O) were incubated with increasing
concentrations of Triton X-100. Each datapoint corresponds
to a duplicate determination of enzyme activity.

uL of homogenate. When the total concentration of Cyt
c in the assay was varied from 1 to 80 uM, saturating
levels of Cyt ¢ were obtained above 30 uM. Therefore,
maximal activity of cytochrome oxidase was obtained
using 37 uM Cyt c in the assay.

pH and Temperature. Cytochrome oxidase activity
was measured in two different cod muscle homogenates
in the pH interval 5.5—8.0, and maximal activities were
found in the pH area 6.5—7.5. The temperature de-
pendence of cytochrome oxidase was measured in a cod
muscle homogenate in the temperature interval between
2 and 34 °C. Cytochrome oxidase activity increased with
increasing temperatures until 28—29 °C, at which
maximal activity was observed. Raising the temperature
to 34 °C caused a decrease in activity, probably due to
heat denaturation of the enzyme. On this basis an assay
temperature of 25 °C seems to be appropriate.

Triton X-100 Activation. Homogenates were incu-
bated with Triton X-100 to make the outer mitochondria
membrane permeable to external Cyt c. Addition of
detergent may also prevent formation of membrane
vesicles and aggregation of membrane proteins. The
concentration of Triton X-100 during incubation which
results in maximal cytochrome oxidase activity was
studied in a homogenate prepared from a JC fish, a
homogenate stored on ice for 3 days, and a homogenate
stored at —20 °C for 3 months (Figure 2). In all three
homogenates maximal cytochrome oxidase activity was
obtained at a Triton X-100 concentration in the range
of 0.62—1.25 mM. In homogenate prepared from JC cod,
enzyme activity increased by 240%, and in ice-stored
homogenate activity increased by 360% when the Triton
X-100 concentration was raised from 0 mM to the
concentration at which maximal activity was obtained.
In frozen homogenate the increase in activity was only
25%. When homogenates were incubated at Triton
X-100 concentrations >1.25 mM, cytochrome oxidase
activity decreased, and at 20 mM Triton X-100 the
activity was reduced to the same level as in the absence
of Triton X-100. The decrease in cytochrome oxidase
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Table 1. Biological and Analytical Variability in
Cytochrome Oxidase Activity

variation between CV (%)
individuals? 20.6 (n =18)
homogenatesP 7.6(n=5)
Cyt c solutions® 41(n=23)
analyses® 5.1(n=4)

a Eighteen JC cod. P Five different homogenates from the same
cod. ¢ Three different solutions of Cyt c. 9 Four measurements on
the same homogenate.

activity was presumably due to changes in the lipid
microenvironment of the enzyme.

Activity in the Supernatant Fraction. After in-
cubation with Triton X-100, the assay procedure in-
cluded a centrifugation step to remove visible particles
of fish muscle that otherwise could interfere with the
spectrofotometric measurements. Although the centrifu-
gation was mild (1000g, 10 min), it was investigated
whether a part of the cytochrome oxidase activity was
removed from the supernatant by centrifugation. Su-
pernatant activity was compared with total activity in
different homogenates from the same fish. The total
activity was measured as cytochrome oxidase activity
as described under Materials and Methods, omitting the
centrifugation step in the assay procedure and with
manual mixing in the reaction cuvette to obtain a
constant influence of visible particles on the absorbance.
Cytochrome oxidase activities (supernatant and total)
were measured in a muscle homogenate from JC cod,
ice-stored cod, cod that was frozen, and cod that was
frozen after ice storage. The range of supernatant
cytochrome oxidase activity in these homogenates was
3.5—6.0 umol-min~1.g of muscle™. Nearly all (93—98%)
of the cytochrome oxidase activity was found in the
supernatant fraction, and different combinations of ice
storage and freezing did not have any effect on the
distribution of cytochrome oxidase activity after cen-
trifugation.

Variability. To use cytochrome oxidase as an indica-
tor of ice storage and/or frozen storage, it is important
to know the level and variability of cytochrome oxidase
activity in cod as well as the reproducibility of the assay.
Mean activity and standard deviation in 18 JC cods from
the same catch was 2.4 4 0.5 umol-min~—1-g of muscle™2,
corresponding to a coefficient of variation (CV) of 21%.
The CV on activities measured in five different homo-
genates prepared from the same fish was 8%, and when
activities were measured in the same homogenate, the
CV was 5%. Measuring the activity in the same homo-
genate using three different solutions of reduced Cyt ¢
resulted in a CV of 4%. The results are summarized in
Table 1. The variability due to different Cyt c solutions
seems to be negligible, as this CV was less than the CV
of the analysis as a whole.

Ice Storage and Freezing. JC cods and cods ice-
stored for 3 days were frozen and thawed as described
under Materials and Methods to see if 3 days of ice
storage had an effect on cytochrome oxidase activity
after freezing and thawing (Figure 3). Cytochrome
oxidase activity increased significantly in both JC
(unpaired t test, p < 0.009) and ice-stored fish (paired
t test, p < 0.00003) after freezing (—30 °C) and thawing
of muscle samples. However, the freezing-induced in-
crease in enzyme activity in ice stored cod was 97%,
while in JC cod it was only 24%. This results in a
remarkably high activity in frozen samples, which were
ice stored before freezing (Figure 3). By a further
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Figure 3. Effect of ice storage and freezing on cytochrome
oxidase activity in cod muscle. Cytochrome oxidase activity
was measured in muscle samples from nine different cods (n
= 9) just after catch (JC), in cod muscle samples frozen just
after catch (JC-F, n = 6), in muscle samples from cods that
were stored on ice for 3 days (I, n = 6), and in cod muscle
samples frozen after 3 days of ice storage (n = 6) (I-F). Columns
represent mean values; standard deviations are indicated by
error bars.

investigation of the freezing-induced activation it was
found (results not shown) that when muscle samples
from ice-stored cods (n = 3) were frozen at —80 °C
instead of —30 °C, no significant activation by freezing
was observed (unpaired t test, p = 0.08). Furthermore,
no freezing-induced increase in activity was observed
when homogenates (n = 3 homogenates from ice-stored
cods) were frozen at —30 °C instead of freezing of muscle
samples.

Activation of the enzyme by ice storage and freezing
of muscle samples at —30 °C was observed in all
examined cod muscle samples, and therefore the ob-
served standard deviations are due to differences in
cytochrome oxidase activity between individual cods, as
well as differences in the extent of activation upon ice
storage and freezing.

Frozen Storage. The stability of cytochrome oxidase
during frozen storage was studied when cod muscle
samples were frozen at —40 °C and stored at —9, —20,
and —40 °C (Figure 4). At all temperatures an initial
increase in cytochrome oxidase activity was observed
as a result of freezing and during the first period of
frozen storage. In muscle samples stored at —9 °C there
was a maximal increase in enzyme activity (98%) after
2 days of frozen storage. Muscle samples stored at —20
°C showed a maximal increase in activity (71%) between
6 and 12 days of frozen storage, and the muscle samples
stored at —40 °C showed a maximal increase in activity
(92%) between 8 and 16 days of frozen storage. After
maximal activation of cytochrome oxidase in muscle
samples stored at —9 °C, the enzyme activity decreased
rapidly to almost no activity after 60 days. In muscle
samples stored at —20 and —40 °C cytochrome oxidase
activity decreased rapidly to a lower level, but after 30—
40 days of frozen storage the rate of cytochrome oxidase
inactivation was decreased. After 60 days, cytochrome
oxidase activity in muscle samples stored at —20 °C had
decreased to a level of ~1.8 umol-min~—1-g of muscle™?,
whereas the activity in muscle samples stored at —40
°C had decreased to ~2.8 umol-min~1-g of muscle™2.
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Figure 4. Stability of cytochrome oxidase at different subzero
temperatures. At each temperature the activity of cytochrome
oxidase was measured in muscle samples from three cods.
Results are presented as mean values; standard deviations are
indicated by error bars. A storage time of 0 days corresponds
to cytochrome oxidase activity in cods stored for 18 h on ice
after catch.

DISCUSSION

A simple method for the measurement of cytochrome
oxidase activity was used for the study of some impor-
tant aspects of the assay and the enzyme in crude
homogenate from cod muscle. An almost complete
inhibition of cytochrome oxidase by NaN3; suggests that
the assay is highly specific for cytochrome oxidase. NaN3
inhibition is specific for the cytochrome oxidase except
for the inhibitory effect on catalase (15). Catalase
catalyzes the breakdown of hydrogen peroxide, and this
enzyme is not expected to be able to contribute to the
oxidation of Cyt c. The activity not inhibited by NaN3s
could be due to an incomplete inhibition of the enzyme
when the activity in a supernatant fraction from a crude
homogenate was measured. A complete inhibition of
cytochrome oxidase by 1 mM NaNg3 has been reported
for the isolated enzyme from the photosynthetic bacte-
rium Rhodopseudomonas palustris (16).

A pH value of 7.0 is used in assays for cytochrome
oxidase in fish (11, 12), but no studies on optimal pH
have been reported on fish tissue. The pH optimum
found in this study (6.5—7.0) is close to the pH optimum
for the isolated enzyme from rat liver (6.0—6.3) (17).
Differences in pH optima may be due to different ionic
strengths in the assay media. According to Nicholls and
Chance (14) the optimal pH value decreases when the
concentration of phosphate buffer is increased.

Cytochrome oxidase activity in fish tissues has been
measured in a wide range of assay temperatures, 15—
37 °C (10—12), but studies on the optimal assay tem-
perature of the enzyme have to the authors’ knowledge
not been performed. The optimal temperature of 28—
29 °C of cytochrome oxidase found in this study was
close to the optimal assay temperature of 30 °C for
sarcoplasmic reticulum Ca2*-ATPase in cod muscle (18).

A higher activation of cytochrome oxidase by Triton
X-100 in ice-stored homogenate (360%) than in homo-
genate prepared just after catch (240%) may be due to
solubilization of protein aggregates formed during the
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ice storage period. The minor activation of cytochrome
oxidase by Triton X-100 in frozen homogenate suggests
that freezing and frozen storage disrupt the mitochon-
dria membrane. A disrupted membrane may result in
easier diffusion of substrate to the enzyme, and the
effect of Triton X-100 is greatly reduced.

The effect of detergent on mitochondrial membranes
can give information about the integrity of the mem-
brane. Rustin et al. (13) suggested that measurement
of cytochrome oxidase activity in the absence and in the
presence of a detergent could be used as a method to
estimate the intactness of the outer mitochondria
membrane.

The activation of cytochrome oxidase by freezing and
thawing of muscle samples from both JC cod and cod
that had been stored on ice (Figure 3) may be due to
changes in the membranes during freezing and thawing.
Nilsson and Ekstrand (19) used the volume of centri-
fuged tissue fluid (CTF) and release of lysosomal
enzymes as an indirect measure of membrane perme-
ability. After freezing and thawing of rainbow trout,
they observed an increased lysosomal enzyme activity
in CTF, indicating a breakdown of the cellular mem-
branes during freezing. It is well documented that the
interaction of cytochrome oxidase with membrane lipids
is essential for activity (8), and it has also been reported
that cytochrome c exists in different conformations
depending on the physical state of the membrane (20).
A possible theory for the freezing-induced activation of
cytochrome oxidase is therefore that the observed
activation is due to changes in the interaction between
cytochrome oxidase, Cyt ¢, and the surrounding mem-
brane lipids.

According to this theory, the absence of a freezing-
induced activation in muscle samples frozen at —80 °C
(Figure 3) could be explained by a less pronounced
membrane damage at low freezing temperatures (fast
freezing). Furthermore, a decreased rate of membrane
changes at low storage temperature (—40 °C) could
explain a delay in frozen storage induced activation
(Figure 4). The absence of a freezing effect on cyto-
chrome oxidase activity when the cod muscle sample
was homogenized before freezing indicates that the
mechanism of freezing activation is sensitive to changes
in the chemical and physical environment of the mem-
brane-bound enzyme. In a homogenate the muscle cells
are disintegrated and enzymes and other compounds are
released from intracellular organelles. All of this may
have dramatic effects on membrane structures in the
cell, destroying sensitive interactions between mem-
brane proteins and lipids responsible for the freezing-
induced activation of cytochrome oxidase.

The amplification of the freezing-induced activation
by an ice storage period before freezing is an interesting
result. A breakdown of muscle cells during 3 days of
ice storage (0 °C) is inevitable, and it is likely to have
an effect on membrane-bound enzymes as well as other
enzymes. The reason for the enlargement of the freez-
ing-induced activation of cytochrome oxidase could be
conformational changes of cytochrome oxidase, an in-
creased enzyme—lipid interaction, or stabilization of the
enzyme by free fatty acid and lysophospholipids formed
during ice storage by enzymatic cleavage. The mecha-
nisms of cytochrome oxidase activation by ice storage
and by freezing cannot be resolved without further
experiments, but on the basis of the present results it
can be suggested that interactions between cytochrome
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oxidase and the surrounding membrane lipids is an
important factor. Although the exact mechanisms are
unknown, the results (Figure 3) clearly demonstrate
that the extent of freezing-induced activation of cyto-
chrome oxidase may be used to determine whether a
frozen fish has been ice stored or not. Cytochrome
oxidase activities >5 umol-min~!-g of muscle ! in a
frozen fish indicate that a frozen fish has been ice stored
before freezing.

Despite individual variations in cytochrome oxidase
activity in different fish, it seems that it is possible to
use cytochrome oxidase as an indicator of frozen storage
temperatures (Figure 4). Different rates of inactivation
resulting in different levels of enzyme activity make it
possible to differentiate between frozen storage tem-
peratures (—9, —20, and —40 °C) after 30 days of frozen
storage. This result could be explained by a decrease in
deteriorative processes in the muscle tissue at low
storage temperatures. Nilsson and Ekstrand (19) found
that storage temperature had a marked effect on muscle
membranes. They found a higher lysosomal enzyme
activity in CTF in fish stored at —18 °C compared to
—40 °C after 3 months of frozen storage, indicating
increased membrane damage at higher storage temper-
atures. In the present study it was shown that the
activity of cytochrome oxidase was highly influenced by
physical and chemical changes in the environment of
the enzyme. It seems that the sensitive interactions
between cytochrome oxidase and the surrounding mem-
brane lipids in the intact fish muscle make cytochrome
oxidase a potential indicator of frozen storage temper-
ature and an ice storage period before freezing.

ABBREVIATIONS USED

EDTA, ethylenediaminetetraacetic acid; CTF, centri-
fuged tissue fluid; Cyt c, cytochrome c; JC, just caught;
CV, coefficient of variation; JC-F, just caught and frozen;
I, ice stored; I-F, ice stored and frozen; SUP, super-
natant.
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