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Is the silvering process similar to the effects of pressure
acclimatization on yellow eels?
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Abstract

To reproduce eels need to migrate over 6000 km and at pressure but before this migration they metamorphose into silver
eels (silvering). The question raised in this study is to determine whether and how the silvering process contributes to pressure
resistance. As migration represents a long swimming activity mainly performed with slow muscles, the red muscle energetics
of pressure exposed silver eels was studied. By comparing these results to what has already been shown in yellow eels, we point
out that the effects of the silvering process on pressure resistance are similar to the effects of pressure acclimatization in yellow
eels. As previously shown, success of pressure acclimatization depends on membrane fluidity, but we raise the hypothesis that
the high-pressure resistance of silver eels is due to more fluid membranes.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

The European eel,Anguilla anguilla, is a particu-
ar species in that to reproduce, it must migrate over
bout 6000 km from the European coasts to its sup-
osed breeding area: the Sargasso Sea. Migration is a
ery important step in the eel life cycle because it repre-
ents many changes: sedentary to migratory behaviour,
tmospheric to high pressure, freshwater to seawater,

emperature and light variations and all this is done

∗ Corresponding author. Tel.: +33 2 98 01 64 62;
ax: +33 2 98 01 63 13.
E-mail address:aurelie.vettier@univ-brest.fr (A. Vettier).

without feeding (Tesch, 2003). Before departure, ee
metamorphose from the yellow non-migratory and
ually immature stage to the silver migratory one, wh
sexual maturation begins. This metamorphosis, c
silvering, is not reduced to a colour change in liv
Numerous studies have reported other morpholo
transformations such as eye and pectoral fin enla
ment (Pankhurst, 1982b; Durif et al., 2000); as well
as physiological ones such as the increase in ha
tocrit and in haemoglobin concentrations (Johansso
et al., 1974), higher volume of slow (red) muscle, t
latter becoming more fatty with a higher mitoch
dria content in silver form (Lewander et al., 197
Pankhurst, 1982a). Furthermore, silver eels show
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increase in aerobic enzyme activities (Bostr̈om and
Johansson, 1972) together with higher slow muscle out-
put and power (Ellerby et al., 2001). Several hormonal
changes (Marchelidon et al., 1999) have also been re-
ported indicating the beginning of sexual maturation.
All these transformations constitute the silvering pro-
cess and seem to prepare the eel to its new environment
and activity pattern.

Among the environmental changes linked to the mi-
gratory activity, high pressure is a particular challenge.
It is known that among fish species, the eel is character-
ized by a particular pressure resistance (Sébert, 2003).
In fact, after a critical period of 2–3 days following
compression, the yellow eel is able to acclimatize to
high pressure by modifying its aerobic and anaerobic
muscle metabolism in order to cope with pressure ef-
fects (Simon et al., 1989, 1992; Sébert, 1997; Theron
et al., 2000). The question raised in this study is to deter-
mine whether and how the silvering process, described
above, contributes to pressure exposure response. As
migration represents a long swimming activity mainly
performed with slow muscles, the red muscle energet-
ics of pressure exposed silver was studied.

2. Methods

2.1. Animals

2.1.1. Storage
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diameters (ODh, ODv, mm) and pectoral fin length
(PFL, mm). Different indexes were calculated from
these data: condition factor (CF= (BM/BL3) × 105);
ocular index (OI= [{((ODh+ ODv)/4)2 × π}/BL] ×
100); and pectoral fin index (PFI= (PFL/BL) × 100).
The CF has been proposed by Fulton (inRicker, 1975),
OI byPankhurst (1982b)and PFI byDurif et al. (2000).
Density was calculated from volume and BM, and
surface from BM and BL according toSébert et al.
(2004).

2.1.3. Sampling
The fish were sacrificed by decapitation and the

blood was collected in glass capillaries to determine
the haematocrit. Three sections of eel, cut backwards
from the swimbladder, were frozen in liquid nitrogen,
then stored at−80◦C for further measurements of cy-
tochrome oxidase (COX) activities, nucleotides and
protein contents. Thereafter, fresh red and white mus-
cles were sampled as follows: red muscle was dissected
along the lateral line and white muscle was dissected
on the left side, at about 30% of total length, close to
the vertebral column. Dissection was completed within
4 min. These samples were then prepared to perform di-
rect oxygen consumption measurements. The gonads
and livers were weighed to calculate gonado-somatic
index (GSI), and hepato-somatic index (HSI) respec-
tively. The white muscles and gills were sampled then
weighed before and after desiccation in order to de-
termine water contents. Finally swimbladder parasites
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Twelve silver freshwater European eels (A. anguilla
.) (body mass, 567± 184 g; mean± S.E.M.) from the
oire River were used. At least 10 days before the
eriments, they were stored without feeding in 4
olyethylene tanks with continuously renewed and
ted tap water. The experiments were performed

ng the winter, in order to maintain water tempera
14.2± 0.1◦C) and to have a photoperiod as close
ossible to natural conditions, the tanks were place
room open to the outside.

.1.2. Morphometry
Some days after their arrival in the laboratory,

els were slightly anaesthetised (Eugenia caryophy
ata, clove oil, 1 mL for 10 L of water; ethanol, 10 m
or 10 L of water) in order to perform morphom
ic measurements: body length (BL, mm), body m
BM, g), volume (ml), horizontal and vertical e
ere counted if present.

.1.4. Sample preparation
Freshly removed muscle samples were immedia

laced in an ice-cold extraction medium (Sébert and
heron, 2001). Before oxygen consumption measu
ents, the muscle fibres were permeabilised usi

aponin solution (150 mg/L). The technique used
dapted to fish fromVeksler et al. (1987)andLetellier
t al. (1992)by Sébert and Theron (2001).

.2. Protocol

.2.1. Acclimatization
The eels were placed in an experimental t

14.9 L), placed in a hyperbaric chamber and conne
o a high-pressure water circulation system (Sébert
t al., 1990). The water circulation system allowed
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continuous renewal of water, so that temperature and
oxygen concentration could be controlled.

After 5 days at atmospheric pressure, the hyperbaric
chamber was compressed at a rate of 2 bar/min to 101
ATA and this pressure was maintained for 21 days.
At the time of compression, the pressure at which a
strong motor activity began was recorded as the pres-
sure threshold (Ptr). During the experiments water oxy-
gen partial pressure (PwO2) and temperature (Tw) in
the experimental tank were regularly monitored; wa-
ter flow was approximately 30 L·h−1. The water flow
was stopped for 30 min, twice a day, in order to calcu-
late oxygen consumption from the decrease of PwO2

(Sébert and Barth́elémy, 1985). After 21 days at this
pressure, the chamber was decompressed at a rate of
2 bar/min. On reaching at atmospheric pressure the eels
were immediately killed and the samplings were per-
formed. The same procedures were used for the control
group, which was kept in the same experimental tank
under the same environmental conditions (water tem-
perature and oxygen content, light, noise, time) but at
atmospheric pressure (1 ATA).

2.2.2. Short-term exposure
A vessel was specially designed, using an electrode

with pressure compensation (YSI 5739) to measure the
oxygen consumption of the red muscle sample of the
control group under pressure and its reference at at-
mospheric pressure. Compression and decompression
were performed at 10 bar/min.
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state 4 and 5 min after ADP was injected at saturating
concentrations (final concentration 5 mM) to determine
state 3.

2.3.2. Cytochrome oxidase (COX) activity
The method was adapted fromSimon et al. (1992).

Tissue extracts were prepared from frozen sections of
eels. Red muscle and white muscle samples were dis-
sected, still frozen on a bed of liquid nitrogen. The tis-
sues were homogenized in 100 mg/1 ml of extraction
buffer (Tris 0.1 M; EDTA 2 mM; DTE 2 mM; pH 7.4)
at 4◦C, using a Polytron. The obtained extracts were
then centrifuged at 11,000× g for 20 min at 4◦C. Fil-
tered supernatants were directly used for COX activity
determination. COX activity was determined by spec-
trophotometry at 550 nm in sodium phosphate buffer
(0.33 M pH 7 at 15◦C) with 50�mol L−1 reduced cy-
tochromec at saturating concentrations (Theron et al.,
2000).

2.3.3. Energetic nucleotide contents
Following the technique used bySébert et al. (1987),

energetic nucleotides (ATP, ADP, AMP and IMP)
were extracted with the acid solution of trichloroacetic
acid. The extracts were immediately analysed using a
HPLC method: the separation of different nucleotides
was performed on a column Hypersil ODS 25 cm.
The mobile phase was KH2PO4 (0.1 M), dissolved
in deionised H2O and filtered through 0.22�m be-
fore pH adjustment to 6.35 with NH4OH. The flow
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.3. Measurements

All the measurements were performed at 15◦C.

.3.1. Muscle fibre oxygen consumption
The oxygen consumption of freshly permeabili

uscle fibres was performed according to the techn
reviously described byTheron et al. (2000)andSébert
nd Theron (2001). At atmospheric pressure respirat
as measured in a glass vessel by following its o
en content decrease, using a Strathkelvin Instrum®

2 microelectrode (accuracy:±0.2% saturation). Fo
easurements at 1 and 101 ATA, the electrodes

alibrated before the experiment, then the rates of
en consumption were measured using pyruvate
alate at saturating concentrations (final conce

ions were respectively 12 and 6 mM) to determ
ate was 0.8 ml/min. Detection was performed
V spectrophotometry (254 nm) as previously
cribed byCann-Moisan et al. (1988). From the re
ults, energy charge was calculated as EC= [ATP +
1/2)ADP]/[ATP + ADP + AMP].

.3.4. Protein contents
Protein contents were measured following the

irect technique ofLowry et al. (1951), on extract
repared for COX activity determinations.

.4. Analysis of data

The results are expressed as mean± S.E.M. The sta
istical signification of the results was evaluated at
% level with Student’st-test, having ensured the n
ality of the distributions and the homogeneity of th

ariances (Lilliefors test).
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Table 1
(A) Morphometric data of group measured at the beginning of ex-
periment and (B) morphometric and metabolic data measured after
21 days

1 ATA

(A) Morphometric data
N 6
Body mass (g) 371± 14
Body length (cm) 607± 8
BMI (kg/m2) 1.00± 0.01
Condition factor (g/m3) 0.16± 0.00
Density 0.81± 0.01
BS (cm2) 676± 16
Ocular index 9.3± 0.2
Eye surface/BS (10+4) 8.9± 0.2
Pectoral fin index 5.3± 0.1

1 ATA 101 ATA

(B) Morphometric and metabolic data
N 6 6
Heamatocrit (%) 31.7± 1.5 32.9± 2.5
White muscle protein (mg/g) 28.5± 0.9 29.2± 1.0
Red muscle protein (mg/g) 21.5± 0.6 22.0± 0.7
HIS (%) 1.20± 0.06 1.02± 0.04a

GSI (%) 1.46± 0.03 1.58± 0.08
Muscle water content (%) 62.8± 0.9 61.2± 1.1
Gill water content (%) 81.0± 0.3 81.7± 0.2
Number of worms 3.2± 1.4 0.7± 0.4

Results are expressed as mean± S.E.M.
a Significant difference at 5% with the corresponding control

group.

3. Results

The morphometric data measured at the beginning
of the experiment are shown inTable 1A. All of them
are representative of those obtained in female eels at the
silver stage (Pankhurst, 1982b; Durif et al., 2000). After
sacrifice, other morphometric and metabolic parame-
ters were measured (Table 1B): HSI is significantly
lower (P< 0.05) after exposure to hydrostatic pressure
and GSI tends to increase (not significant). The swim-
bladder is very slightly infested by parasites (number of
worms < 2.25± 0.95). The other parameters were not
affected by pressure exposure.

Global sensitivity to compression is represented,
both by pressure threshold (Ptr) which is high:
Ptr = 81± 7 bar, and by MO2 at the end of compres-
sion (MO2 = 1.75± 6 mmol/h/kg) which increased by
60% when compared to control values before compres-

Table 2
Oxygen consumption of muscle fibres (�mol/min/g) in control group
(1 ATA) and pressure acclimatized group (101 ATA)

1 ATA 101 ATA % variation

Red muscle fibres
State 4 0.12± 0.01 0.12± 0.01 0
State 3 0.42± 0.04 0.37± 0.03 −12
RCR 3.68± 0.48 3.31± 0.25 −10

White muscle fibres
State 4 0.08± 0.01 0.08± 0.00 0
State 3 0.12± 0.02 0.12± 0.01 0
RCR 1.52± 0.13 1.41± 0.03 −7

Results are expressed as mean± S.E.M.

sion. The average time taken to return to control values
was 1.5 days.

When fibres were directly pressure exposed state
4 of the respiratory chain increased (% varia-
tion = +33.2± 13.62%, P< 0.05). State 3 did not
change (−12.3± 7.4%) and consequently RCR (=state
3/state 4, respiratory control ratio) decreased substan-
tially (−33.4± 6.3%, P< 0.01). Table 2 shows that
after acclimatization, in white and red muscles, max-
imum oxygen consumption (state 4 and state 3) and
RCR did not change by remaining at 101 ATA.Table 3
shows that pressure acclimatization had no effect on
EC (energy charge) and increased COX activity (44%,
not significant).

4. Discussion

The calculated morphometric indexes (Table 1) un-
doubtedly prove that the studied eels are female at the
silver stage. In fact ocular index is much greater than 6.5
according toPankhurst (1982b), and even greater than
8 according toMarchelidon et al. (1999). The pectoral
fin index is also within the female silver eel range, like-
wise for GSI and HSI according toDurif et al. (2000).
In addition to these morphometric characteristics, we
can see that protein contents in white muscle are lower
in silver eels than in yellow eels previously studied in
our lab (36.5± 0.3 mg/100 mg;Simon et al., 1991), and
likewise for water contents (yellow eels, 69.7± 1.27%;
S in
s
T on-
s 4;
imon et al., 1991). Moreover, haematocrit is higher
ilvers (yellows: Ht = 28.8± 0.9%;Sébert et al., 1991).
hese three parameters tally with what was dem
trated to be silvering effects (Johansson et al., 197
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Table 3
Energetic nucleotide contents and COX activity

Parameters Muscle 1 ATA 101 ATA

ATP (�mol/g) Red 1.44± 0.21 1.25± 0.13
SA (�mol/g) Red 1.72± 0.22 1.48± 0.13
EC (–) Red 0.91± 0.01 0.92± 0.01
EC′ (–) Red 0.87± 0.02 0.91± 0.01
ATP (�mol/g) White 2.17± 0.17 1.61± 0.34
SA (�mol/g) White 2.71± 0.15 1.99± 0.34
EC (–) White 0.9± 0.01 0.9± 0.02
EC′ (–) White 0.89± 0.02 0.88± 0.02
COX activity (nmol/min/g) Red 122.0± 18.2 175.5± 20.1
COX activity (nmol/min/g) White 3.6± 0.4 2.9± 0.3

Results are expressed as mean± S.E.M. AS (adenylates sum) = ATP + ADP + AMP; EC (energy charge) = (ATP + (1/2)ADP)/AS;
EC′ = EC/(1 + (IMP/AS)); COX activities are expressed in nmol of substrate which disappear in 1 min/g of fresh tissues.

Lewander et al., 1974). It should be pointed out that,
despite a decrease in worm numbers under pressure
(not significant), parasitism has no influence in terms
of pressure resistance (Vettier et al., 2003).

The metabolic characteristics of yellow and sil-
ver eels have already been described by many au-
thors showing that silver eels exhibit better aerobic
enzymatic activities (Bostr̈om and Johansson, 1972;
Egginton, 1986). This is confirmed in this study: the
silver COX activity of red muscle is higher than that
of yellow eels studied in our lab (60± 19 nmol/min/g;
Simon et al., 1992). The results of EC and EC′ in white
muscle are higher for silver eels than those at the yellow
stage (EC = 0.85± 0.02 and EC′ = 0.71± 0.06;Simon
et al., 1992). Thus improvements linked to the silver-
ing process, are manifest in the aerobic metabolism of
red and white muscles and are in agreement with a bet-
ter “quality” of muscle which could explain the better
contractile performances (Ellerby et al., 2001). These
different measurements point to a physiological and
metabolic preparation prior to the migratory activity
i.e. sustained swimming. However, even if silver eels
are ready for the migration challenge (swimming ac-
tivity, sexual maturation) there is no evidence to show
what happens when they need to cope with hydrostatic
pressure.

The pressure effects were evaluated on the whole an-
imal and on energetic metabolism in white and red mus-
cles. However, even if the white muscle is greater from
the point of view of mass, it is the red muscle, which
e ing
a
s s af-

ter several days at pressure: the discussion must there-
fore be focused on the results from red muscle. Long-
term hydrostatic pressure exposure does not signifi-
cantly modify cellular energetics as the results from
Tables 2 and 3testify. Mitochondrial respiration and/or
oxidative phosphorylation did not change, likewise the
COXmax activity, which has a tendency to increase by
44% (not significant). Therefore, the results obtained
on silver eels are not different from what was previously
observed in yellow eels with the same methods (Simon
et al., 1989, 1992; Śebert, 1997; Theron et al., 2000).
Subsequently, we should focus on the contribution of
the silvering process to pressure resistance.

In fact, 3 weeks under pressure do not reveal any dif-
ference between yellow and silver eels whereas there
is an obvious improvement in global quality shown
above, in silver eel muscle metabolism. Therefore, we
need to relocate cellular energetics within an organis-
mic context and to consider that it acts upon the whole
animal. In this way, pressure resistance could be eval-
uated byPtr (pressure at which strong motor activity
begins during compression), MO2

max of animal at the
end of compression (Sébert, 1993) (Fig. 1). This figure
shows that the silver eel results are in agreement with
what is observed in yellow eels, which were acclima-
tized for 30 days at 101 ATA hydrostatic pressure and
then recompressed (Simon et al., 1989). Indeed when
acclimatized yellow eels are recompressed, a lower in-
crease in oxygen consumption during compression and
a higher pressure threshold are observed in comparison
w lso a
q sil-
v om-
nsures energy production during sustained swimm
nd migration. Moreover,Simon et al. (1989)have
hown that aerobic energy production predominate
ith pressure-naive animals. Moreover, there is a
uicker return to control values of about 1.5 days for
er eels versus about 5 days for yellow eels when c
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Fig. 1. Animal oxygen consumption (mmol/h/kg) measured at 1 ATA before compression (white columns), or at 101 ATA at the end of
compression (grey columns). Results of silver eels compressed at 10 bar/min obtained fromVettier and Śebert (2004), the three groups of yellow
eels fromSimon et al. (1989)and silver eels at 2 bar/min from this study. We can note that the higher the compression rate, the greater the MO2

increase. We can evaluate the cost of the quicker compression rate: it is about 1.5 mmol/h/kg. If we use the specific cost observed in yellow eels
we can extrapolate to obtain acclimatized yellow eels compressed at 2 bar/min. Thus the extrapolated increase in MO2 is represented by the
dotted line, and it is similar to what is observed in silver eels.

pressed at 2 bar/min (Simon et al., 1989). The following
hypothesis was put forward and verified: in response
to the decrease in membrane fluidity induced by com-
pression, pressure acclimatization allows the fluidity to
return to normal by means of a change in membrane
composition, thus demonstrating the existence of the
homeoviscous theory. Consequently when the fish was
again pressure exposed, it was “ready” and able to cope
with the membrane pressure effects (Sébert, 1993). By
analogy, we propose that at atmospheric pressure, silver
eels are in the same state as yellow eels after pressure
acclimatization; in other words the silvering process
could well have the same effects as pressure acclimati-
zation on yellow eels. Several experimental facts are in
agreement with this hypothesis. Silver eel muscles have
higher lipid contents than those of yellow eels (Dave
et al., 1975, 1976; Tesch, 2003; Pankhurst, 1982a) and
silver red muscle tends to have more unsaturated and
longer fatty acids compared to yellow red muscle (Dave
et al., 1974). It could thus be inferred that silver eel
membranes are more fluid. In agreement with such a
hypothesis, it has been shown that sexual hormones and
especially 17�-estradiol, which rises during the silver-
ing process (Han et al., 2003), increase membrane flu-

idity (Whiting et al., 2000). Moreover, COX activity
is positively correlated to membrane fluidity (Vik and
Capaldi, 1980): it is higher in silver than in yellow
eels at 1 ATA (our results). In terms of pressure resis-
tance, the silvering process appears to mimic pressure
acclimatization, thus allowing the silver eels to cope
with pressure effects with a minimal energy cost. Con-
sequently, energy and fat stores can be kept for swim-
ming and gonad development (van Ginneken and van
den Thillart, 2000).
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Sébert, P., Barth́elémy, L., Simon, B., 1990. Laboratory system en-
abling long-term exposure to hydrostatic pressure of fishes or
other animals breathing water. Mar. Biol. 104, 165–168.
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