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ABSTRACT: The absorption, distribution and elimination of 14C-labelled flumequine were studied
using whole body autoradiography and liquid scintillation counting. Flumequine was administered to
eel Anguilla anguilla, turbot Scophthalmus maximus and halibut Hippoglossus hippoglossus intravenously and orally as a single dose of 5 mg kg–1, corresponding to 0.1 mCi kg–1. The turbot and halibut studies were performed in salt water (salinity of 32 ‰) at temperatures of 16 ± 1°C (turbot) and
9.5 ± 0.5°C (halibut). The eel study was conducted in fresh water at 23 ± 1°C. In the intravenously
administered groups flumequine was rapidly distributed to all major tissues and organs. After oral
administration flumequine also appeared to have rapid and extensive absorption and distribution in
all 3 species. After the distribution phase, the level of flumequine was higher in most organs and tissues than in the blood, except in muscle and brain. The most noticeable difference between the species was the slow elimination of flumequine from eel compared to turbot and halibut. In orally administered eels, substantial amounts of flumequine remained in all major organs/tissues for 7 d. At 28 d
significant levels of flumequine were present in liver, kidney and skin (with traces in muscle), and at
the last sampling point (56 d) in eye, bone, bile and posterior intestine. In orally administered turbot
significant levels of flumequine were observed over 96 h in bile, urine, bone, skin, intestine and eye,
and traces were detected over 28 d in bone and eye in addition to a significant level in bile. In orally
administered halibut, significant levels of flumequine were observed in bile, skin, intestine and eye
over 96 h. Traces were present in skin and eye over 7 d. The maximal flumequine concentrations in
blood were calculated to be 2.5 mg equivalents l–1 (eel at 12 h), 0.8 mg l–1 (turbot at 6 h) and 0.6 mg
l–1 (halibut at 6 h) after oral administration.
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INTRODUCTION
Eel Anguilla anguilla and turbot Scophthalmus maximus are 2 important species in European aquaculture
production. Eel is a catadrome fish species cultivated
in temperate (20 to 26°C) fresh water, whereas turbot is
*E-mail: magne.hansen@veths.no
© Inter-Research 2001 · www.int-res.com

a marine species cultivated in temperate (15 to 18°C)
seawater. The European production volumes of eel
and turbot are approximately 11 000 and 5000 tons per
year, respectively. Halibut Hippoglossus hippoglossus
is a marine cold-water species (8 to 10°C) currently
being developed for aquaculture in Iceland, Norway, Scotland and Canada. The annual production of
halibut in these countries is currently approximately
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750 000 fry, that may produce approximately 2500 t
when slaughtered.
The farming of these 3 species has already encountered problems with several bacterial infections, such
as vibrio infections (Vibrio anguillarum and Vibrio vulnificus) and atypical Aeromonas salmonicida infections (Mellergaard & Dalsgaard 1987, Noga et al. 1990,
Biosca et al. 1991, Fouz et al. 1992, 1995, Austin et al.
1993, Liewes & Haenen 1993, Pedersen et al. 1994,
1999, Grisez et al. 1996, Larsen & Pedersen 1996,
Bergh et al. 1997, Olsson et al. 1998, Bricknell et al.
1999, 2000, Dalsgaard et al. 1999, Gatesoupe et al.
1999).
One commonly used antimicrobial agent in aquaculture is flumequine. Flumequine is a broad-spectrum
synthetic antimicrobial agent belonging to the 4-quinolones and has the properties of a weak acid. Plasma
disposition of flumequine after intravenous and oral
administration have been studied in Atlantic salmon
Salmo salar (Rogstad et al. 1993, Elema et al. 1995,
Martinsen & Horsberg 1995), halibut (Samuelsen &
Ervik 1997, Hansen & Horsberg 1999), turbot (Hansen
& Horsberg 1999), eel (Hansen & Horsberg 2000a),
cod Gadus morhua and wrasse Ctenolabrus rupestris
(Hansen & Horsberg 2000b) and channel catfish Ictalurus punctatus (Plakas et al. 2000). Plakas et al. (2000)
also studied the tissue distribution and the metabolism
of flumequine.
The aim of this study was to perform a comparative
investigation on flumequine disposition in eel, turbot
and halibut. Whole body autoradiography and liquid
scintillation counting (LSC) was used to study the disposition and tissue distribution. Studies on flumequine
using whole body autoradiography techniques have
not been published previously. This technique is very
valuable for visualizing the disposition and retention
of drugs.

MATERIALS AND METHODS
Test substance. 14C-labeled flumequine was produced in 1995 by Dupont NEN Products, Boston, MA,
USA, with a radiochemical purity of 99%. When tested
before the study, the purity was only 92%. It was
therefore purified by means of solid phase extraction
on a column of the Bond Elut type with C2 sorbent
material to a radiochemical purity of > 98%.
Test facilities and test fish. The eel Anguilla anguilla
study was conducted at The National Veterinary Institute, Oslo, Norway. The eel had been caught in the
Arendal area, weighed 104 ± 12 g (mean ± SD) and
were held in fiberglass tanks (240 l) supplied with running fresh water at a temperature of 23 ± 1°C (pH 6.5;
Ca: 2.75 mg l–1; Mg: 0.48 mg l–1). The turbot Scoph-

thalmus maximus and halibut Hippoglossus hippoglossus studies were conducted at the NIVA Marine
Research Station, Solbergstrand, Drøbak, Norway. The
fish were kept in fiberglass tanks (600 l) supplied with
running seawater (pH 8, salinity 32 ‰) at temperatures
of 16 ± 1°C (turbot) and 9.5 ± 0.5°C (halibut). The turbot and halibut were approximately 1 yr old (farmed)
and weighed 78 ± 13 g (turbot) and 69 ± 18 g (halibut).
The experiments were approved by the institutional
animal use committee.
Intravenous and oral administration. 14C-labelled
flumequine was administered orally and intravenously
at a dose of 86 and 82 µCi kg–1, respectively, corresponding to 5 mg flumequine kg–1 in each group after
addition of cold flumequine. The flumequine for intravenous administration was dissolved in saline, pH 10.
The injection volume was 2 ml kg–1. For oral administration flumequine was suspended in corn oil.
During the adaptation period the fish were fed a
commercial pelleted fish diet. Feed was withheld 1 d
prior to drug administration and feeding was resumed
the following day.
In the group given the flumequine intravenously,
each fish was netted from the acclimatization tank and
individually weighed in a small tank of water. The fish
were then anaesthetized with benzocaine (50 mg l–1
water). The intravenous injection of flumequine was
accomplished by placing the fish on damp paper and
the flumequine solution was slowly injected into the
caudal vein using a 1 ml disposable syringe and a 0.5 ×
16 mm needle (Terumo, Leuven, Belgium). The position of the needle was confirmed by aspiration of blood
before, during and after the injection. Fish in which the
needle dislocated during the injection were discarded
and replaced. Each fish was dosed according to individual weights.
In the group given the flumequine orally, each fish
was netted from the acclimatization tank and individually weighed. The drug was administered through
polyethylene stomach tubes. In turbot and halibut,
each fish was manually restrained without anaesthesia
at the drug administration. The eel was lightly anaesthetized with benzocaine (50 mg l–1 water) before
administration. The stomach tubes were each filled
with 5 pellets of fish feed (2.5 mm). Before administration, the test suspension was mixed for 15 s on a whirl
mixer and the dose was transferred to the stomach
tube using a pipette. The pellets in the tube were
coated with the test suspension and were used to
detect regurgitation and facilitate the deposit of the
drug suspension in the stomach (Horsberg 1994). Each
fish was dosed according to individual weights. After
drug administration, all orally dosed fish were transferred to individual tanks for observation of regurgitation before being transferred to the experimen-
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tal tanks. No regurgitation was observed (as indicated
was extrapolated to infinity using λ z. In halibut and turby oil droplets on the water surface or pellets in the
bot the 2 last sample points were omitted due to rising
water) during the 5 min in the observation tanks.
flumequine concentrations.
A discard permit for the study was obtained from the
Institute of Radiation Hygiene in Norway. To minimize
the effluents of 14C, the outlet water from the fish tanks
RESULTS
were filtrated and all solid effluents removed.
Sampling. In the intravenously administered groups
Liquid scintillation counting
samples were collected at 12 h, 48 h, 96 h, 14 d, 28 d
and 56 d post administration. In the orally adminisOral administration
tered groups, samples were collected at 6 h, 12 h, 24 h,
48 h, 96 h, 7 d, 14 d, 28 d and 56 d post administration.
The concentrations of flumequine equivalents
At each sampling time 2 fish were sacrificed by an
(radioactivity) versus time in different organs are preoverdose of benzocaine (200 mg l–1 for 10 min) and
sented in Fig. 1 (eel Anguilla anguilla), Fig. 2 (turbot
Scopthalmus maximus) and Fig. 3 (halibut Hippoglosfrozen before being embedded in individual blocks of
cooled 1% solution of sodium carboxymethyl cellulose
sus hippoglossus). The highest concentrations of
in water (0°C) followed by immediate freezing with dry
radioactivity were found in bile of eel and turbot (in
halibut no samples of bile were available). Eel showed
ice in n-hexane (–75°C).
Analytical procedures. Each sample was analysed
higher levels and slower elimination of radioactivity in
using a standard technique for whole body autoradioall tissues compared to turbot and halibut. In turbot
graphy and related studies on radioactive isotopes (Ulland halibut the radioactivity declined relatively rapidly
berg 1954, 1977). Sagittal sections (20 to 40 µm) from
in all tissues over 7 d. After 7 d there was a small inthe whole fish were obtained on tape (No. 821, 3M Co.,
crease in radioactivity level in most tissues in halibut
St. Paul, MN, USA) at –20°C in a PMV cryomicrotome
and turbot.
(PMV; 450 MP, Stockholm, Sweden). The sections were
The relative distribution of radioactivity between
freeze-dried overnight, before application on Strucblood and tissues at 6 and 48 h after oral administration
turix D7 (Agfa, Antwerp, Belgium) for autoradiograis presented in Table 1. In all 3 species, the level of
phy. The films were exposed at –20°C for approxiradioactivity was generally lower in muscle and brain
than in blood, and higher than blood in kidney, liver
mately 3 mo before developing.
and skin. The highest level compared to blood was
From the material remaining in the frozen blocks,
found in bile.
samples weighing 10 to 100 mg were obtained from
muscle, brain, blood, kidney, liver, bile and skin. The
samples were digested with 2 ml soluene (Packard,
Intravenous administration
Holland) at 37°C. Then 10 ml of liquid scintillation
cocktail (Hionic Fluor, Packard) was added to each
The pattern of radioactivity in the intravenously
vial. The radioactivity in the samples was counted in
administered fish was generally similar to the orally
a Packard Tri-Carb 1900CA LSC analyzer, using a
administered fish, but with higher levels. In nonPackard automatic quenching standard to control the
counting efficacy.
Pharmacokinetic modelling. Pharmacokinetic modelling was performed
in the intravenous-group using the
computer program WIN-NONLIN, version 1.1 (Statistical Consultants Inc.,
Lexington, KY), in a least square nonlinear regression analysis. Standard
pharmacokinetic parameters were calculated according to a non-compartment model. The intercept with the
y-axis was calculated by back-extrapolation of the curve, using the first 2
data points. The terminal eliminationrate constant, λ z, was estimated accordFig. 1. Mean (± SEM) plasma concentration profiles of flumequine equivalents in
ing to the algorithm of Dunne (1985).
different tissues of eel Anguilla anguilla (n = 2) after a single 5 mg kg–1 dose
administered orally
The concentration versus time curve
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bone, however, was still detectable at
56 d.
In halibut the levels of radioactivity
were largely similar to that of turbot at
6 h except for the gills and bone,
which contained a considerably lower
concentrations of radiolabelled compound than in turbot. The levels of
radioactivity declined gradually during the rest of the study. Radioactivity
was still detectable in the eye and
intestine at 96 h (Fig. 6).

Fig. 2. Mean (± SEM) plasma concentration profiles of flumequine equivalents in
different tissues of turbot Scophthalmus maximus (n = 2) after a single 5 mg kg–1
dose administered orally

compartment modelling of the LSC data from eel, a
distribution volume at steady state (Vss) of 1.2 l kg–1, a
terminal elimination half-life (T 1/2 λ z) of 232 h and a
clearance (Cl ) of 0.006 l h–1 kg–1 were calculated. In
turbot Vss of 0.8 l kg–1, T 1/2 λ z of 38 h and a Cl of 0.043 l
h–1 kg–1 were calculated and in halibut Vss of 3.8 l kg–1,
T 1/2 λ z of 62 h and a Cl of 0.058 l h–1 kg–1 were calculated.

Whole-body autoradiography
Oral administration

Intravenous administration

The results largely confirmed the
observations from the oral study. Accordingly, the general retention time was substantially
longer in the eel compared to turbot and halibut. Furthermore, the concentrations were higher and the
retention times longer in both bone and gills of turbot
compared to halibut.

DISCUSSION
At each time point only 2 fish were sampled. Pharmacokinetic modelling using the liquid scintillation
count (LSC) data could, due to the low number of samples at each time point and normal inter-individual
variation, give biased results. For this reason we will
only briefly discuss calculated pharmacokinetic parameters from these data. Despite this methodological
limitation, important information on the disposition of
flumequine in the different fish species was obtained.
In the following discussion, the results refer to the
orally administrated fish unless otherwise specified.

The results were in good agreement with those from
the LSC study. In addition to the tissues sampled for
LSC the whole body autoradiographic (WBA) study
revealed radioactivity in the intestine, eye, gills, bone,
heart, spleen and urine. In eel the radiolabelling in
these tissues remained high from 6 h through 96 h
(Fig. 4.). During the rest of the experimental period the levels declined gradually and radioactivity was still recorded
at 14 d in the gills and at 56 d in the bone,
eye and intestine.
In turbot high levels of radiolabelled
compound were present in the intestine,
eye, gills, bone, heart, spleen and urine
at 6 h. The radioactivity in bone increased from 6 h through 24 h. For the
other organs mentioned the concentration of radioactivity decreased slightly
during this period. At 48 h radioactivity
still remained at a high level in bone,
eye, intestine and urine (Fig. 5). During
Fig. 3. Mean (± SEM) plasma concentration profiles of flumequine equivathe rest of the study period the levels
lents in different tissues of halibut Hippoglossus hippoglossus (n = 2) after a
single 5 mg kg–1 dose administered orally
decreased gradually. Radioactivity in
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Table 1. Tissue:blood ratio of total 14C-flumequine residues
after a 5 mg kg–1 orally administered dose (average of 2
samples). –: No sample available
Species

Tissue

Tissue:blood ratio
(6 h)
(24 h)

Eel

Muscle
Brain
Liver
Kidney
Skin
Bile

0.79
–
1.37
1.55
1.52
7.75

0.63
0.83
1.64
0.84
0.99
390

Turbot

Muscle
Brain
Liver
Kidney
Skin
Bile

0.30
1.03
1.04
1.50
1.12
2.34

1.07a
1.03a
1.09
1.91
3.41
134

Halibut

Muscle
Brain
Liver
Kidney
Skin

0.76
0.99
1.40
1.27
0.62

0.75
0.86
0.96
1.83
1.25

a

Of the 2 samples, one was higher than blood, the other
lower

The elimination half-lives estimated from the LSC of
blood (intravenously administered fish) are in the same
range as reported from other flumequine studies in the
same species (Boon et al. 1991, van der Heijden et al.
1994, Samuelsen & Ervik 1997, Hansen & Horsberg
1999, 2000a,b). Turbot seem to have elimination halflives in the same range as Atlantic salmon Salmo salar,
which have been reported to have elimination halflives of 29 to 40 h (Rogstad et al. 1993, Elema et al.
1995). The elimination half-life of halibut (62 h) seemed
to be a little slower compared to Atlantic salmon.
The high and persistent flumequine level in bile,
intestine and urine, and at earlier sampling times in
kidney, liver and gills reflects that these are the main
excretory organs/routes. The gills are regarded as one
of the most important sites of elimination of xenobiotics
in fish, due to the large surface area and blood flow
together with the short distance between the blood
and water. Accordingly, Sohlberg et al. (1999) reported
that Atlantic salmon Salmo salar excrete approximately 60% of an administered dose of flumequine
through the gills, in addition to excretion to urine, bile
and faeces.

SKIN
EYE

BILE

Fig. 4. Whole body autoradiograms showing the tissue distribution pattern of flumequine in eel Anguilla anguilla after a single
oral administration of 14C-flumequine. The samples were taken after (A) 24 h, (B) 48 h, (C) 96 h and (D) 672 h. White areas
correspond to high levels of radiolabelled compound
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Analysing various tissues for flumequine and comparing tissue:blood (t:b)
ratios we found that muscle had the
lowest t:b ratio in all 3 species (Table 1).
In eel Anguilla anguilla, van der Heijden et al. (1993) found a higher muscle:plasma ratio (0.99 at 48 h) than
our muscle:blood ratio, a lower liver:
plasma ratio, and significantly lower
kidney:plasma and skin:plasma ratios
at 48 h, than observed in our study.
The eel used in the study of van der
Heijden et al. (1993) were approximately 470 versus 100 g in our study,
and the flumequine was administered
intramuscularly. Difference in size, nutritional status and the different way of
administration may have contributed
to these discrepancies. Eel muscle may
contain more than 30% fat, and van
der Heijden et al. (1993) found high
levels of flumequine in fat.
The skin:blood ratios were 1.0 (eel),
3.4 (turbot Scopthalmus maximus)
and 1.3 (halibut Hippoglossus hippoglossus) at 48 h. Malvisi et al.
(1997) reported ratios of 5.22 and 4.6
for skin:muscle and vertebra:muscle
respectively at 24 h in sea bream
Sparus aurata. In the present study,
bone was not sampled for LSC, but
high affinity of flumequine to bone
was seen on the autoradiograms. The
high affinity for bone surface, especially seen in turbot (Fig. 5), can be
explained by the ability of flumequine to complex with divalent ions
(like Ca2+ and Mg2+). The affinity of
flumequine for skin can be explained
by melanin’s capacity to bind drugs
(Potts 1963, Ullberg et al. 1970, Lindquist & Ullberg 1972, Larsson 1993,
Fukuda & Sasaki 1994, Howells et
al. 1994, Salazarbookaman et al.
1994). Several studies have reported
residues of flumequine and other
fluoroquinolones in bone and skin for
a long time after the level is below
detection in plasma/muscle (Steffenak et al. 1991, van der Heijden et al.
1993, Elema et al. 1994, Martinsen et
al. 1994).
The high flumequine affinity for
the eye mainly involved the chorioretina, but also the surface of the lens
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SKIN
EYE
BONE
GILLS

BILE

URINE

Fig. 5. Whole body autoradiograms showing the distribution pattern of flumequine in turbot Scophthalmus maximus after a single oral administration of 14Cflumequine. The samples were taken after (A) 24 h, (B) 48 h and (C) 96 h. White
areas correspond to high levels of radiolabelled compound
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Fig. 6. Whole body autoradiograms showing the distribution pattern of flumequine in
halibut Hippoglossus hippoglossus after a single oral
administration of 14C-flumequine. The samples were
taken after (A) 24 h, (B) 48 h
and (C) 96 h. White areas
correspond to high levels
of radiolabelled compound

SKIN
EYE

INTESTINE

showed a high level of radioactivity (Fig. 4A). Binding
to melanin in rabbit eyes has been shown for the fluoroquinolone sparfloxacin by Fukuda & Sasaki (1994).
Binding of flumequine to lens surface has not been
described previously and the mechanism for this binding is not known.
A relatively extensive distribution to the central nervous system (CNS) was observed in all 3 species, and
may explain several cases where CNS-symptoms
including mortality have been observed in fish after
administration of flumequine (Scallan 1983, O’Grady
et al. 1988, Hiney et al. 1994, Hansen & Horsberg
2000b). CNS symptoms have also been observed in
other animal species and have been related to the
passage of the drug through the blood-brain barrier
(Mevius et al. 1990).
In all 3 species studied we found maximal tissue levels (Tmax) at 6 h, (the first sampling point) except for
bile. In eel and turbot we found a Tmax in bile of 96 h
(455 mg l–1) and 48 h (10 mg l–1), respectively. Van
der Heijden et al. (1993) reported Tmax of flumequine

(HPLC) from different tissues in eel of 48 h to 8 d after
intra muscular administration. Plakas et al. (2000) reported a Tmax in bile at 72 h (119 mg l–1) in channel
catfish Ictalurus punctatus.
In eel significant levels of flumequine were still seen
at the last sampling time (56 d) in bone, bile, eye and
bone on WBA. Different pharmacokinetic properties of
quinolones in freshwater compared to seawater (Ishida
1992, Elston et al. 1994) probably contributes significantly to the observed difference in flumequine elimination. Comparing eel to turbot and halibut, the iontrapping of flumequine in the gut by Mg2+ and Ca2+
ions from seawater makes the environment for both
primary absorption and entero-hepatic cycling more
favorable in fresh water. The high concentration of
flumequine excreted in bile is more likely to be reabsorbed from fish in freshwater compared to saltwater,
and contributes to the explanation for the slow elimination of flumequine from eel compared to turbot and
halibut. The slow elimination rate in eel, also compared to other fresh water species (van der Heijden et
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al. 1994), has been related to the small gill surface area
of eel (Boon et al. 1991), the gills being the major excretory organ for xenobiotics in fish.
The relatively large distribution volume in all 3 species, the high T 1/2 λ z and low clearance in eel compared to turbot and halibut as calculated by noncompartment modeling, is in accordance with previous
studies on flumequine pharmacokinetics (van der Heijden 1994, Samuelsen & Ervik 1997, Hansen & Horsberg 1999, 2000a,b). In eel the level of radioactivity
decreased in tissues and organs during the whole
study period. In turbot and halibut the level increased
somewhat in most tissues and organs from the 14 d
sampling point. It is important to remember that the
tissue levels in turbot and halibut at these sampling
times were low (Figs 5 & 6), 3 to 100 orders of magnitude lower than observed in eel. Previous studies of
flumequine pharmacokinetics have also shown an increase of flumequine levels in the terminal depletion
phase (Hansen & Horsberg 1999). Steffenak et al.
(1991) reported an increase in liver oxolinic acid concentration in the late depletion phase after salmon was
subjected to stress, and also demonstrated leakage
from flumequine reservoirs when the salmon was
subjected to cooking (Steffenak et al. 1994). Release of
flumequine from bone and other reservoirs may therefore explain the small rise in the flumequine level in
the terminal depletion phase found in our study.
In our study we did not determine metabolites qualitatively or quantitatively. The radioactivity observed
represents the total flumequine residue level consisting of both parent compound and metabolites. Several
studies have shown that metabolism of flumequine in
various fish species appears to be slow with low levels
of metabolites being detected (van der Heijden et al.
1993, 1994, Samuelsen & Ervik 1997, Plakas et al.
2000). With the exception of bile and urine, the total
flumequine residues shown in WBA and measured by
LSC in this study, therefore most likely to a large
extent represent the parent compound.

Acknowledgements. The authors express their appreciation
for the skilful technical assistance of Mrs Inger Lise Gross.
This study was supported by the Norwegian Research Council, grant no. 111333/100.

LITERATURE CITED
Austin B, Stobie M, Robertson PAW, Glass HG, Stark JR,
Mudarris M (1993) Vibrio alginolyticus — The cause of
gill disease leading to progressive low-level mortalities
among juvenile turbot, Scophthalmus-maximus L. in a
Scottish aquarium. J Fish Dis 16:277–280
Bergh O, Hjeltnes B, Skiftesvik AB (1997) Experimental infection of turbot Scophthalmus maximus and halibut Hippoglossus hippoglossus yolk sac larvae with Aeromonas

salmonicida subsp salmonicida. Dis Aquat Org 29:13–20
Biosca EG, Amaro C, Esteve C, Alcaide E, Garay E (1991) 1st
record of Vibrio-vulnificus biotype-2 from diseased European eel, Anguilla-anguilla L. J Fish Dis 14:103–109
Bricknell IR, Bowden TJ, Bruno DW, MacLachlan P, Johnstone R, Ellis AE (1999) Susceptibility of Atlantic halibut,
Hippoglossus hippoglossus (L.) to infection with typical
and atypical Aeromonas salmonicida. Aquaculture 175:
1–13
Bricknell IR, Bowden TJ, VernerJeffreys DW, Bruno DW,
Shields RJ, Ellis AE (2000) Susceptibility of juvenile and
sub-adult Atlantic halibut Hippoglossus hippoglossus L. to
infection by Vibrio anguillarum and efficacy of protection
induced by vaccination. Fish Shellfish Immunol 10:
319–327
Boon JH, Nouws JMF, van der Heijden MHT, Booms GHR,
Degen M (1991) Disposition of Flumequine in plasma of
European eel Anguilla anguilla after a single intramuscular injection. Aquaculture 99:213–223
Dalsgaard I, Hoi L, Siebeling RJ, Dalsgaard A (1999) Indolepositive Vibrio vulnificus isolated from disease outbreaks
on a Danish eel farm. Dis Aquat Org 35:187–194
Dunne A (1985) JANA: a new iterative polyexponential curve
stripping program. Comput Methods Programs Biomed
20:269–275
Elema MO, Hoff KA, Kristensen HG (1994) Multiple-dose
pharmacokinetic study of flumequine in Atlantic salmon
Salmo salar L. Aquaculture 128:1–11
Elema MO, Hoff KA, Kristensen HG (1995) Bioavailability of
flumequine after oral administration to Atlantic salmon
(Salmo salar L.). Aquaculture 136:209–219
Elston RA, Drum AS, Schweitzer MG, Rode R, Bunnel PR
(1994) Comparative uptake of orally administered difloxacin in Atlantic salmon in freshwater and seawater.
J Aquat Anim Health 6:341–348
Fouz B, Larsen JL, Nielsen B, Barja JL, Toranzo AE (1992)
Characterization of Vibrio damsela strains isolated from
turbot Scophthalmus maximus in Spain. Dis Aquat Org 12:
155–166
Fouz B, Novoa B, Toranzo AE, Figueras A (1995) Histopathological lesions caused by Vibrio damsela in cultured turbot, Scophthalmus maximus (L.) — inoculations with live
cells and extracellular products. J Fish Dis 18:357–364
Fukuda M, Sasaki K (1994) Different iris coloration and uptake of a fluoroquinolone agent into the iris-ciliary body of
rabbit eyes. Ophthalmic Res 26:137–140
Gatesoupe FJ, Lambert C, Nicolas JL (1999) Pathogenicity of
Vibrio splendidus strains associated with turbot larvae,
Scophthalmus maximus. J Appl Microbiol 87:757–763
Grisez L, Chair M, Sorgeloos P, Ollevier F (1996) Mode of infection and spread of Vibrio anguillarum in turbot Scophthalmus maximus larvae after oral challenge through live
feed. Dis Aquat Org 26:181–187
Hansen MK, Horsberg TE (1999) Single-dose pharmacokinetics of flumequine in halibut Hippoglossus hippoglossus
and turbot Scophthalmus maximus. J Vet Pharmacol Ther
22:122–126
Hansen MK, Horsberg TE (2000a) Single-dose pharmacokinetics of flumequine in the eel Anguilla anguilla after
intravascular, oral and bath administration. J Vet Pharmacol Ther 23:169–174
Hansen MK, Horsberg TE (2000b) Single-dose pharmacokinetics of flumequine in cod Gadus morhua and goldsinny
wrasse Ctenolabrus rupestris. J Vet Pharmacol Ther 23:
163–168
Hiney MP, Samuelsen OB, Smith P (1994) Association of mortalities in a salmon hatchery with the oral administration of

Hansen et al.: Flumequine disposition in eel, turbot and halibut

191

flumequine. Bull Eur Assoc Fish Pathol 14:204–206
Horsberg TE (1994) Experimental methods for pharmacokinetic studies in salmonids. Annu Rev Fish Dis 4:345–358
Howells L, Godfrey M, Sauer MJ (1994) Melanin as an adsorbent for drug residues. Analyst 119:2691–2693
Ishida N (1992) Tissue-levels of oxolinic acid after oral or
intravascular administration to fresh-water and seawater
rainbow-trout. Aquaculture 102:9–15
Larsen JL, Pedersen K (1996) Atypical Aeromonas salmonicida isolated from diseased turbot (Scophtalmus maximus
L.). Acta Vet Scand 37:139–146
Larsson BS (1993) Interaction between chemicals and melanin. Pigm Cell Res 6:127–133
Liewes E, Haenen O (1993) The veterinary approach to eels.
In: Lydia Brown (ed) Acuaculture for veterinarians: fish husbandry and medicine. Pergamon Press, Oxford, p 311–326
Lindquist N, Ullberg S (1972) The melanin affinity of chloroquine and chlorpromazine studied by whole body autoradiography. Acta Pharmacol Toxicol (Suppl)31:1–31
Malvisi J, della Rocca G, Anfossi P, Giorgetti G (1997) Tissue
distribution and depletion of flumequine after in-feed administration in sea bream Sparus aurata. Aquaculture 157:
197–204
Martinsen B, Horsberg TE (1995) Comparative single-dose
pharmacokinetics of 4 quinolones, oxolinic acid, flumequine, sarafloxacin, and enrofloxacin, in Atlantic salmon
(Salmo-salar ) held in seawater at 10-degrees-C. Antimicrob Agents Chemother 39:1059–1064
Martinsen B, Horsberg TE, Ingebrigtsen K, Gross IL (1994)
Disposition of 14C sarafloxacin in Atlantic salmon Salmo
salar, rainbow trout Oncorhynchus mykiss, cod Gadus
morhua and turbot Scophthalmus maximus, as demonstrated by means of whole-body autoradiography and
liquid scintillation counting. Dis Aquat Org 18:37–44
Mellergaard S, Dalsgaard I (1987) Disease problems in
Danish eel farms. Aquaculture 67:139–146
Mevius DJ, Breukink HJ, Guelen PJM, Jansen T, de Greve B
(1990) Pharmacokinetics, metabolism and renal clearance
of flumequine in veal calves. J Vet Pharmacol Ther 13:
159–169
Noga EJ, Berkhoff HA (1990) Pathological and microbiological features of Aeromonas salmonicida infection in the
American eel (Anguilla rostrata). Fish Pathology 25:
127–132
O’Grady P, Moloney M, Smith PR (1988) Bath administration
of the quinoline antibiotic flumequine to brown trout
Salmo trutta and Atlantic salmon S. salar. Dis Aquat Org
4:27–33
Olsson JC, Joborn A, Westerdahl A, Blomberg L, Kjelleberg
S, Conway PL (1998) Survival, persistence and proliferation of Vibrio anguillarum in juvenile turbot, Scophthalmus maximus (L.), intestine and faeces. J Fish Dis 21:1–9
Pedersen K, Kofod H, Dalsgaard I, Larsen JL (1994) Isolation
of oxiodase-negative Aeromonas-salmonicida from dis-

eased turbot Scophthalmus-maximus. Dis Aquat Org 18:
149–154
Pedersen K, Garcia JA, Larsen JL (1999) Aeromonas salmonicida a potential pathogen in modern eel (Anguilla
anguilla) farming? Bull Eur Assoc Fish Pathol 19:127–129
Plakas SM, El Said KR, Musser SM (2000) Pharmacokinetics,
tissue distribution, and metabolism of flumequine in channel catfish Ictalurus punctatus. Aquaculture 187:1–14
Potts A (1963) Further studies concerning the accumulation of
polycyclic compounds on uvel melanin. Invest Ophthalmol
3:399–404
Rogstad A, Ellingsen OF, Syvertsen C (1993) Pharmacokinetics and bioavailability of flumequine and oxolinic acid
after various routes of administration to Atlantic salmon in
seawater. Aquaculture 110:207–220
Salazarbookaman MM, Wainer I, Patil PN (1994) Relevance
of drug-melanin interactions to ocular pharmacology and
toxicology. J Ocul Pharmacol 10:217–239
Samuelsen OB, Ervik A (1997) Single dose pharmacokinetic
study of flumequine after intravenous, intraperitoneal and
oral administration to Atlantic halibut Hippoglossus hippoglossus held in seawater at 9 degrees. Aquaculture 158:
215–227
Scallan A (1983) Investigations into asymptomatic carriers of
furunculosis. PhD thesis, National University of Ireland,
Dublin
Sohlberg S, Martinsen B, Horsberg TE, Soli NE (1999) Excretion of flumequine in free-swimming Atlantic salmon Salmo
salar, determined by cannulation of the dorsal aorta, gall
bladder and urethra. J Vet Pharmacol Ther 22:72–75
Steffenak I, Hormazabal V, Yndestad M (1991) Reservoir of
quinolone residues in fish. Food Addit Contam 8:777–780
Steffenak I, Hormazabal V, Yndestad M (1994) Effect of cooking on residues of the quinolones oxolinic acid and flumequine in fish. Acta Vet Scand 35:299–301
Ullberg S (1954) Studies on the distribution and fate of S-35labelled benzylpenicillin in the body. Acta Radiol (Suppl)
118:1–110
Ullberg S (1977) The technique of whole body autoradiography.
Cryosectioning of large specimens. Sci Tools (Spec):1–29
Ullberg S, Lindquist N, Sjøstrand S (1970) Accumulation of
chorioretiotoxic drugs in the foetal eye. Nature 227:
1257–1258
van der Heijden MHT, Boon JH, Nouws JFM, Mengelers MJB
(1993) Residue depletion of flumequine in European eel.
In: Haagsma N, Ruiter A, Czedik-Eysenberg PB (eds)
Residues of veterinary drugs in food. Proceedings of the
EuroResidue II Conference. Veldhoven, p 357–361
van der Heijden MHT, Keukens HJ, van den Nieuwboer
WHFX, Mengelers MJB, Boon JH (1994) Plasma disposition of flumequine in common carp Cyprinus carpio L.,
1758, African catfish Clarias gariepinus Burchell, 1822
and European eel Anguilla anguilla L., 1758, after a single
peroral administration. Aquaculture 123:21–30

Editorial responsibility: Otto Kinne (Editor),
Oldendorf, Germany

Submitted: February 28, 2001; Accepted: July 31, 2001
Proofs received from author(s): November 28, 2001

