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ABSTRACT: Teleost fish have a nociceptive system and likely perceive pain. This warrants the development of analgesic protocols both for experimental surgery and for various husbandry procedures.
Morphine is the standard analgesic against which the efficacy of other analgesics is assessed, and is
the analgesic that has been most used in fish. The aims of this study were to describe the pharmacokinetics of morphine after an intramuscular (i.m.) injection in common goldfish and Atlantic salmon,
and to illustrate the whole-body distribution of morphine in salmon following i.m. injection of tritiated
morphine. In the kinetic experiment, goldfish and salmon were respectively i.m. injected with 40 and
100 mg morphine kg–1 in the right dorsal epaxial musculature. Blood was drawn at predetermined
time points. Plasma was analysed for morphine and metabolites using liquid chromatography-mass
spectrometry (LC-MS/MS). Morphine had a Tmax (time at which the maximum plasma concentration
was measured) of 0.5 h in both species. The Cmax (maximum plasma concentration) showed substantial inter-individual variation, with a mean (90% CI) of 187 (167 to 199) mg l–1 in salmon and 37 (29 to
43) mg l–1 in goldfish, as determined by bootstrap analysis. The mean elimination half-lives were 12.5
and 13.5 h in goldfish and in salmon, respectively. The degree of metabolism to morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G) was low, with levels of M3G exceeding those of
M6G. The distribution study demonstrated that the levels of tritiated morphine in the anterior kidney
surpassed those in the other organs. A substantial amount seemed to be excreted through the gastrointestinal tract, while little tritium activity could be detected in the central nervous system.
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There is now growing evidence that the nervous system of teleosts can detect noxious stimuli (Ashley et al.
2007), and that fish may perceive pain (Braithwaite &
Boulcott 2007). Although the debate over this question
is still strong (Rose 2007), this warrants the development of analgesic protocols both for experimental
surgery and for different husbandry procedures. This
is reflected in e.g. the recommendations of the Canadian Council of Animal Care (www.ccac.ca/en/CCAC_
Programs/Guidelines_Policies/GDLINES/Guidelis.htm).

The use of anaesthetics such as MS-222 and benzocaine in fish is relatively widespread. However, their
analgesic effect is not properly documented. These
agents are administered through the water, are rapidly
absorbed over the gills, but are also rapidly excreted
when the fish are removed from the anaesthetic bath.
Thus, they are not good candidates for the treatment of
long-lasting or severe pain.
Morphine is the standard opioid analgesic against
which the efficacy of new opioid analgesics is assessed
(Rang et al. 1999), and most experiments on the pharmacokinetics and pharmacodynamics of analgesics in

*Email: janicke.nordgreen@veths.no

© Inter-Research 2009 · www.int-res.com

INTRODUCTION

56

Dis Aquat Org 88: 55–63, 2009

fish have focused on morphine. In rainbow trout, goldfish and winter flounder, morphine has shown
antinociceptive effects (Ehrensing et al. 1982, Sneddon
2003, Newby et al. 2007, Newby et al. 2009). However,
the doses used have been high compared to those
needed to obtain effects in mammals, with 40 to
3000 mg morphine kg–1 being injected intraperitoneally or intramuscularly in fish, compared to 1 mg
kg–1 for rats (King et al. 2007). The few existing studies
on the pharmacokinetics of opioids in fish have
revealed interspecific differences in the disposition of
morphine (Newby et al. 2006, Newby et al. 2008,
Newby et al. 2009). Therefore, more research is
needed on the pharmacokinetics of morphine and its
metabolites in different fish species before analgesic
protocols can be suggested and validated.
In humans, morphine is metabolized in several ways,
the most important of which being its conjugation with
glucuronic acid in the liver (Andersen et al. 2003). In
humans, 44 to 55% of morphine is metabolised to morphine-3-glucuronide (M3G), 8 to 10% is metabolised
to morphine-6-glucuronide (M6G), whereas 10% is
excreted unchanged in the urine along with most of
the conjugated morphine (Hasselström & Säwe 1993,
Andersen et al. 2003). M3G is essentially inactive, or
may even antagonise the antinociceptive effects of
morphine (Smith et al. 1990, Hewett et al. 1993, Andersen et al. 2003), whereas M6G has analgesic effects in
mammals (reviewed by Dahan et al. 2008). In the only
study of its kind, M3G, but not M6G was detected in
the plasma of rainbow trout (Newby et al. 2008).
To the authors’ knowledge, the pharmacokinetics of
morphine has not been previously studied in Atlantic
salmon, and the distribution of morphine in different
tissues has not been described in any teleost species.
The aims of this study were to (1) describe the pharmacokinetics of morphine and the metabolites M3G
and M6G, after intramuscular (i.m.) injection in common goldfish Carassius auratus and in the Atlantic
salmon Salmo salar, and (2) illustrate the whole-body
distribution of morphine following i.m. injection of tritiated morphine in salmon. Goldfish and salmon were
chosen based on their importance in research and
aquaculture, respectively.

MATERIALS AND METHODS
Pharmacokinetics. Thirty common goldfish (mean
weight: 29.2 g, range: 22.0 to 44.0 g) were purchased
from a local breeder. The fish were fed with commercial goldfish feed once a day both before and during
the experiment, but were fasted on the day of injection.
Three days before injection, they were moved into the
experimental tanks (80 l) in pairs. The tanks were run

on a recirculation system (renewal rate: 20% d–1) and
air was supplied by air pumps. The temperature in the
tanks was 16 ± 0.5°C, reflecting the temperature in the
room. On the injection day, fish were transferred to a
bath with 150 mg metacaine l–1 (Finquel, Argent Laboratories) until they did not respond to light pinching of
the tail (~7 min), weighed and i.m. injected with 40 mg
morphine kg–1 (morphine hydrochloride, 20 mg ml–1;
Nycomed Pharma). The injection was given in the
right dorsal epaxial musculature. At each of 5 time
points (0.5, 1, 1.5, 4 and 24 h) after injection, 6 goldfish
were anaesthetised (metacaine, 400 mg l–1 for ~5 min),
subjected to blood sampling with a 26 gauge needle
and subsequently sacrificed by spinal severance. Blood
was sampled from the caudal vein using heparincoated syringes, and transferred to blood-collection
tubes with lithium heparin (Terumo). After centrifugation, the plasma was kept at –80°C until analysis for
morphine and metabolites by liquid chromatographymass spectrometry (LC-MS/MS).
Fifty-four Atlantic salmon in the parr-stage (Aquagen stock; mean weight: 66 g, range: 39 to 94 g) were
transferred to 70 l experimental tanks 2 wk prior to the
start of the experiment. The fish were kept in groups of
6. The tanks were on a flow-through fresh water system, with air being supplied by air pumps. The temperature was 8.7 ± 0.2°C, reflecting the temperature of the
inlet water.
On the day of injection, the fish were anaesthetised
in a metacaine bath (100 mg l–1 for 0.5 to 1 min),
weighed and i.m. injected with 100 mg morphine kg–1.
The injection was given in the right dorsal epaxial
musculature. At each of 9 time points (0.5, 1, 1.5, 4, 8,
16, 24, 72 and 96 h) after injection, 6 fish were anaesthetised in metacaine (100 mg l–1 for 2 to 3 min) and
blood was sampled prior to sacrificing the fish by
spinal severance. The blood sample was drawn from
the caudal vein, treated and stored as the goldfish samples.
LC-MS/MS analysis. The LC-MS/MS method used
was based on Newby et al. (2008) with some modifications. Standard curves for morphine were prepared by
adding morphine (morphine hydrochloride, 20 mg
ml–1; Nycomed Pharma) to drug-free trout plasma to
concentrations of 0.25, 0.50, 1.0, 2.5, 5.0, 10, 25, 50, 75
and 100 mg l–1. Standard curves for the M3G and M6G
metabolites (Sigma-Aldrich) were prepared by adding
the respective metabolite to drug-free trout plasma to
concentrations of 0.05, 0.10, 0.20, 0.50 and 1.0 mg l–1.
Standard curves were run for each series of samples.
Naloxone (Sigma-Aldrich) served as the internal standard, and was added to a concentration of 1.6 mg l–1 to
the experimental plasma samples and the spiked drugfree trout plasma, before protein precipitation was carried out in the following way: 2 aliquots of 70 µl of ice-
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cold acetonitrile with 0.1% acetic acid were added to
100 µl of plasma/spiked plasma standards and vortexed. The samples were allowed to rest on ice for
15 min before being centrifuged at 14 000 × g for
10 min. The supernatant was collected and centrifuged
through a 0.22 µm nylon filter (Spin-X, Costar) at
14 000 × g for 2 min. The filtrate was evaporated using
N2 (45 min), and the samples were then reconstituted
in 100 µl of purified water before they were transferred
to HPLC vials. The separations were carried out on an
HPLC System (HP 1100 Series, Agilent) with a Hypersil GOLD column (100 × 2.1 mm, 3 µm; Thermo Scientific) that was equipped with a pre-column and an inline filter. The injection volume was 5 µl. The mobile
phase consisted of methanol, water and 10 mM of
ammonium acetate. It was run in gradient mode with
10% methanol in water from 0 to 3 min, thereafter
increasing linearly to 55% methanol at 5 min before
decreasing linearly to 10% methanol at 8 min after
injection of the sample. The total runtime was 18 min.
At a flow rate of 0.3 ml min–1, M3G, M6G, morphine
and naloxone eluted at ~1.9, 3.6, 7.7 and 9.9 min after
injection, respectively. The mass spectrometric analyses were done on a tandem mass spectrometer (Sciex
API-3000, Applied Biosystems/MDS Sciex) using electrospray ionization (ESI) selective ion recording in positive-ion mode. The instrument was tuned for each
individual component, and optimal parameters for capillary temperatures, voltages, collision energies and
sheath gas volumes were used. The sensitivity of the
method was increased by operating the instrument in
selective ion monitoring (SIM) mode. The ions chosen
were the daughter ions giving the best signal in a full
scan MS/MS mode. The ion mass transitions monitored
were 286.2 → 165.0 (morphine), 462.2 → 286.0 (M3G
and M6G) and 328.2 → 310.1 (naloxone). The chromatograms were integrated using Analyst Software 1.4.2
(Applied Biosystems). The concentrations were calculated by comparing the peak areas in the samples with
the appropriate standard curves generated from the
spiked samples.
The limit of detection for morphine, M3G and M6G
was 0.001 mg l–1, which was determined as a peak giving a signal of 3× the baseline noise at the respective
retention time in drug-free plasma samples. The
method was validated for morphine in 2 concentration
ranges: 0.25 to 5 and 5 to 120 mg l–1. The linearity was
good in both ranges (R2 > 0.994). The repeatability for
morphine (N = 6) at 1 mg l–1 had a coefficient of variation (CV) of 5.7%, while that at 15 mg l–1 (N = 6) had a
CV of 12.5%. Recovery (determined by comparing signals at a spiking concentration of 2.5 mg l–1 (morphine)
or 0.05 mg l–1 (metabolites) with a standard of the same
concentration) was 92, 83 and 81% for morphine, M3G
and M6G, respectively. The linearity for the metabo-
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lites in the concentration range 0.05 to 1.0 mg l–1 was
good (R2 > 0.993). Repeatability was not determined for
the metabolites. The internal standard (naloxone) was
used for quality control of each individual sample. It
was not used for quantification.
Scintillation counting and autoradiography. Twelve
salmon (mean weight: 55 g, range: 29 to 66 g) were
kept in pairs in the same tanks as described for goldfish in Exp 1. The fish were injected with 29 ± 1 mg tritiated morphine kg–1 (460 ± 20 µCi kg–1) in the dorsal
epaxial musculature on the right side, and 44 ± 2 mg
unlabelled morphine kg–1 on the left side. At each of 6
time points (0.5, 1, 4, 8, 16 and 24 h) after injection, 2
fish were sacrificed by an overdose of benzocaine (400
mg l–1; 15 min). They were kept frozen at –80°C until
sectioning for autoradiography and sampling for the
scintillation count.
Six of the 12 salmon were frozen whole in chilled
carboxymethylcellulose in water for whole-body autoradiography (WBA). From the remaining 6 salmon,
only the head was prepared for transverse section
autoradiography. The blocks were immediately frozen
on dry ice and kept at –20°C until sectioning. Sagittal
sections for WBA and transverse sections of the head
(all 20 µm thick) were cut at different levels on a cryomicrotome (PMV), and collected on tape no. 821 (3M).
The sections were freeze dried overnight before application on an Amersham Hyperfilm MP (Amersham/GE
Healthcare) at –80°C for 6 mo.
From the remaining material, samples of 1 to 78 mg
were taken from the skin, blood, muscle (white and
red), liver, kidney (anterior and posterior) and the
spinal cord. Brain tissue from fish subjected to transverse sectioning of the head was not available for scintillation counting. For sagittally sectioned fish, brain
samples were not consistently available from all areas,
as some fish were sectioned past their mid line. Thus,
only a few samples from the brain were analysed. Each
sample was digested overnight with 1 ml Soluene
(Packard) at 37°C, before addition of 10 ml liquid scintillation cocktail (Hionic Fluor, Packard). Radioactivity
in the sample was counted in a liquid scintillation
analyser (Packard Tri-Carb 1900CA). Counting efficiency was controlled by counting samples from untreated salmon before and after spiking with a
standardised tritiated reagent containing 1000 dpm
(disintegrations per minute).
Results from the scintillation count are presented as
concentrations of morphine in different organs relative
to that in blood. Results from autoradiography are
described qualitatively.
Data analysis and calculation of pharmacokinetic
parameters. Concentration versus time data for the
plasma morphine concentrations were subjected to
noncompartmental modelling using 2 different meth-
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ods: the pooled sample approach and bootstrapping.
The formulas for calculating the pharmacokinetic
parameters were the same in both methods.
The pooled sample approach is normally used to
model data from studies using the current experimental protocol. The mean concentration is calculated for
each sampling time, and these mean values are used to
model the results. The pharmacokinetic parameters
are estimated by calculating the terminal slope and the
area under the concentration versus time curve (AUC),
using the linear or linear/log trapezoidal rule, extrapolated to infinity. This was done using the pharmacokinetic software WinNonlin ver. 4.2 (Statistical Consultants). However, as the values at each time point were
obtained from different individuals, the standard error
of the mean that is calculated by this method does not
give an accurate estimate of the uncertainty of the
pharmacokinetic parameters calculated. To be able to
calculate CIs for the pharmacokinetic parameters, we
therefore reanalysed the pharmacokinetic data using
bootstrapping (Davison & Hinkley 1997, Carpenter &
Bithell 2000, Urien et al. 2005). The idea of bootstrapping in pharmacokinetic studies is to resample from
the original data to construct many new hypothetical
concentration versus time curves. This was done in the
following way: 6 random concentration values were
sampled with replacement from the first sampling
time, and their mean calculated. This was combined
with a value from the second sampling time obtained
in the same way. These 2 were combined with a corresponding value from the third sampling time. The
dataset obtained in the end can be thought of as
belonging to 1 ‘virtual fish’. This hypothetical concentration versus time curve was then subjected to pharmacokinetic modelling (as in the pooled data
approach). This procedure was repeated 2500×. CIs
(90%) were then constructed from these 2500 pharmacokinetic parameter estimates (bootstrap replicates) by
using the bias-corrected and accelerated (BCa)
method (Efron 1987, Efron & Tibshirani 1993, Carpenter & Bithell 2000). The procedure was carried out
using the statistical software SAS ver. 6.12 (SAS Institute).
In the calculation of the negative exponential coefficient for the terminal part of the concentration versus
time curve (λz), linear regression of the logarithmically
transformed values of the last 4 sampling time points
was used. The half-life for elimination (t1/2λz) was calculated as ln(2)/ λz. The bioavailability, F, was not
known, but is normally close to 100% after an i.m.
injection of an aqueous, non-irritating solution (Baggot
2001). Values for the volume of distribution (Vz) and
clearance (Cl T) are expressed relative to the unknown
F (Vz F –1 = the volume of distribution relative to
bioavailability; Cl T F –1 = the total body clearance rela-

tive to bioavailability); however, because of the high
bioavailability following i.m. injection, the absolute
values are most likely not very different from the relative values given. Cl T was calculated as dose/AUC∞
where AUC∞ is the area under the curve that was
extrapolated to infinity. Vz was calculated as dose/
(AUC∞ λz).

RESULTS
Pharmacokinetics
The pharmacokinetic parameters determined using
both the pooled sample and the bootstrap approach
with 90% CIs are presented in Tables 1 & 2. All parameters obtained with the pooled data approach were
within the 90% CI calculated by bootstrap analysis.
Morphine increased rapidly in plasma after the i.m.
injection, with a Tmax (the time at which the maximum
plasma concentration of morphine was measured) of
0.5 h in both species. The maximum plasma concentration of morphine (Cmax) showed substantial inter-individual variation, with a mean (90% CI) of 187 (167 to
199) mg l–1 for salmon and 37 (29 to 43) mg l–1 for goldfish, as determined using the bootstrap approach.
In goldfish, the mean elimination half-life for morphine was 12.5 h. The disposition curves for plasma
morphine, M3G and M6G in goldfish are shown in
Table 1. Carassius auratus. Pharmacokinetic parameters for
morphine in individuals with an average weight of 29.2 g and
kept at 16°C in semistatic fresh water. R2: goodness of fit statistic for the terminal elimination phase; Tmax: the time at
which the maximum plasma concentration of morphine was
measured; Cmax: the maximum plasma concentration of morphine; AUC∞: the area under the concentration versus time
curve extrapolated to infinity; AUC ex.: the percentage of
AUC∞ that is constituted by the extrapolated area; λz: the
negative exponential coefficient for the terminal part of the
concentration versus time curve;t 1⁄2 λz: the elimination halflife; Vz F –1: the volume of distribution relative to bioavailability; Cl T F –1: the total body clearance relative to bioavailability.
Bootstrapping results are given as means (90% CI)
Parameters

Dose
R2
Tmax
Cmax
AUC∞
AUC ex.
λz
t 1⁄2 λz
Vz F –1
Cl T F –1

Units

Pooled data
approach

mg kg–1

40
0.978
0.5
37
612
32
0.049
14.3
1.35
0.065

h
mg l–1
mg h l–1
%
h–1
h
l kg–1
l h–1 kg–1

Bootstrap approach
(90% CI)

0.5
37 (29–43)
590 (441–848)
0.055 (0.033–0.083)
12.5 (8.4–20.8)
1.23 (0.96–1.52)
0.068 (0.048–0.091)
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Table 2. Salmo salar. Pharmacokinetic parameters for morphine in individuals with an average weight of 66 g and kept
at 8°C in running fresh water. Abbreviations are as in Table 1

1000
MOR
M3G
M6G

Dose
R2
Tmax
Cmax
AUC∞
AUC ex.
λz
t 1⁄2
Vz F –1
Cl T F –1

Units

Pooled data
approach

mg kg–1

100
0.996
0.5
187
1354
0.6
0.047
14.8
1.58
0.074

h
mg l–1
mg h l–1
%
h–1
h
l kg–1
l h–1 kg–1

Bootstrap approach
(90% CI)

0.5
187 (167–199)
1353 (1222–1463)
0.051 (0.045–0.056)
13.5 (12.3–15.4)
1.45 (1.28–1.67)
0.074 (0.068–0.082)

Concentration (mg l –1 )

100
Parameters

10

1

0.1

0.01

0.001
0

Fig. 1. The concentration of M3G increased starting at
0.5 to 24 h post-injection. M6G was detected in only 3
of the 6 4 h samples and in all 24 h samples.
In salmon, the mean elimination half-life for morphine was 13.5 h. The disposition curves for plasma
morphine and the metabolites M3G and M6G are
shown in Fig. 2. The plasma concentration of M3G
increased starting at 0.5 to 12 h before it started to
decrease. M6G was detected in all samples at all time
points.
The concentrations of M6G were close to the limit of
detection in all samples from both species, and were
below the lowest concentration used in the standard
curve. Thus, exact values cannot be reported, although
an estimation of concentrations was made by extrapo100

Concentration (mg l–1)

10
MOR
M3G
M6G

1

0.1

0.01

0.001
0

4

8

12

16

20

24

Time (h)
Fig. 1. Carassius auratus. Plasma concentrations (± SEM) of
morphine (MOR) and the metabolites M3G and M6G after a
single intramuscular injection of 40 mg kg–1 at time 0, on a
semilogaritmic scale

24

48

72

96

Time (h)
Fig. 2. Salmo salar. Plasma concentrations (± SEM) of
morphine (MOR) and the metabolites M3G and M6G after a
single intramuscular injection of 100 mg kg–1 at time 0, on a
semilogaritmic scale

lating the standard curves. This extrapolation indicated that the plasma profiles of M6G were similar to
those of M3G, but that the concentration was approximately one magnitude lower (Figs. 1 & 2). However,
the curve for M6G must be interpreted with caution.

Scintillation count and autoradiography
The levels of morphine in the tissues sampled relative to the level in blood are shown in Fig. 3. The levels
were highest in the anterior kidney, posterior kidney
and liver. In red muscle, white muscle and skin, the
levels fell below the levels in blood at some time
points, while the levels in the spinal cord were lower
than or approximately similar to the blood levels of tritiated morphine (results shown for skin and spinal
cord). The few samples of different brain areas available indicated similar or lower levels than in the spinal
cord (data not shown).
Results from the whole-body autoradiography supported those of the scintillation counts. However, the
sensitivity of the autoradiographic method was lower
than that of the scintillation method. Very little
radioactivity was observed at 0.5 h, but activity was
seen in the posterior and anterior kidney at 1 h, with
most activity being seen in the anterior kidney (Fig. 4).
At this time point, activity was also detected in the liver
and in the walls of the gastrointestinal tract. At 4 h,
activity in the posterior intestine dominated, and
radioactivity was also detected in the urinary bladder
and kidney. Activity in the liver was low at this time
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Relative concentration (%)

2000

1500

1000

Blood
Skin
Spinal cord
Anterior kidney
Posterior kidney
Liver

500

0

0.5

1

4

8

16

24

Time (h)
Fig. 3. Salmo salar. Concentration of tritiated morphine in different tissues relative to blood at 6 different time points after
injection. For all columns except blood at 1 h, spinal cord at
4 h and liver at 24 h, n = 2

point, but appeared higher after 8 h together with
clearly visible caudal gastrointestinal tract activity, and
weaker urinary bladder activity. At 16 and 24 h, no
radioactivity could be detected in the liver. The 24 h
finding fits with the declining curve for levels in liver
relative to that in blood (Fig. 3). Unfortunately, the 24 h
section did not include kidney tissue. No activity was
observed in the spinal cord or in the transverse brain
sections.

DISCUSSION
Pharmacokinetics
In the pharmacokinetic experiment, we chose the
respective doses of 40 and 100 mg kg–1 in goldfish and
salmon based on work published by other laboratories
and experiments carried out by our group: the pharmacokinetics and dynamics of morphine in winter flounder following an injection of 40 mg kg–1 have been
described (Newby et al. 2006, 2007), and this prompted
studies using the same dose in goldfish (Nordgreen et
al. 2009). However, the results from our pharmacodynamic experiment did not yield unequivocal results,
and based on experiments on amphibians (Pezalla
1983), we therefore increased the dose for the pharmacokinetic experiments in salmon to 100 mg kg–1.
In this experiment, blood samples were only drawn
once from each fish due to their small size and correspondingly small blood volume. This single individual–single sample design limits handling stress for
each fish, but has its drawback when the results are
modelled (Horsberg 1994). The alternative approach,
i.e. serial samples from the same individual and calculation of individual pharmacokinetic parameters, has
other drawbacks. Each fish must be considerably

larger than the fish used in the present study to allow
multiple samples to be drawn from the same individual, and the stress of the repeated sampling procedures may jeopardize the results. The sampling stress
may be overcome by implanting a permanent cannula
in the dorsal aorta of the fish (Soivio et al. 1975), provided it is > 500 g. However, cannulation itself may
affect pharmacokinetic parameters due to decreased
activity, diminished food intake and blood loss (Martinsen et al. 1993, Sohlberg et al. 1994, 1996).
Because of the aforementioned flaws in the single
individual–single sample design, we also analysed the
data by bootstrapping to allow calculation of CIs for
the pharmacokinetic parameters. This enabled us to
compare the results obtained with the 2 modelling
approaches. Results showed that all parameters obtained using the pooled data approach were within the
90% CI from the bootstrapping analysis, indicating
that both the pooled data approach and bootstrapping
are reliable methods for the analysis of the presented
type of data.
The metabolites M3G and M6G were detected in
both species. To our knowledge, this study is the first to
report the presence of the morphine metabolite M6G
in the plasma of a teleost. Although the degree of
metabolism could not be determined accurately, it
appeared to be low. The disposition profile for M3G
corresponded well with the results of Newby et al.
(2008) who found a maximum level of ~0.8 mg l–1 after
24 h in rainbow trout that were given 40 mg kg–1
morphine sulphate intraperitoneally (i.p.); here, we
found Cmax values of 0.7 mg l–1 in goldfish that were
given 40 mg kg–1, and 1.2 mg l–1 in salmon that were
given 100 mg kg–1.
The half-lives of morphine in plasma were similar for
the 2 species, as the average value for each species
was within the 90% CI for the other species. The same
was the case for the volume of distribution and clearance. Goldfish and salmon belong to different orders of
teleosts, thus differences might be expected. The parameters also corresponded well with similar values
reported by Newby et al. (2008) for rainbow trout, but
contrasts with the reported half-life of elimination for
goldfish that was found to be 37 h after intraperitoneal
(i.p.) injection (Newby et al. 2009). Temperature influences metabolism in fish (Clarke & Johnston 1999), but
as the temperature in the current experiment was 4°C
lower than that used by Newby et al. (2009), this cannot explain the lower half-life and thus faster metabolism found in goldfish in the current experiment. In the
present study, morphine was i.m. administered, while
it was i.p. administered in the study of Newby et al.
(2009); however, this cannot fully explain the discrepancy since the concentration versus time curves for
morphine are quite similar between the 2 studies (see
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Fig. 4. Salmo salar. Autoradiography images. (a) Sagittal section, head, 1 h. Left image: tissue section, right image: corresponding
autoradiographic image. Polarity is reversed, and lighter areas correspond to higher levels of radioactivity. AK: anterior kidney,
He: heart, Br: brain, Gi: gills. The highest level of activity is found in the anterior kidney. Activity in the heart muscle is low, and
the brain makes a negative image on the film. (b) Sagittal section, peritoneal cavity, 1 h. Top image: tissue section; bottom image:
corresponding autoradiographic image. PK: posterior kidney, Bl: blood, St: stomach, Li: liver. Anterior and posterior parts of the
kidney have a high level of activity, as has the mucosa and lumen of the gastrointestinal tract. Activity can also be detected in
the liver, whereas blood makes a negative image

our Fig. 2 and Fig. 4 in Newby et al. 2009), and the time
at which the maximum concentration was reached was
30 min for both studies. Metacaine was used in the present study, but not in the study of Newby et al. (2009),
and could have influenced metabolism. However,
metacaine does not influence glucuronidation in rainbow trout liver in vitro (Kolanczyk et al. 2003), and is

therefore not a likely explanation of the difference in
results between the 2 studies. However, one factor that
might have contributed to the observed differences is
that the goldfish used in the 2 studies are from different stocks and may differ genetically. Genotype may
influence the metabolism of opioids (Stamer & Stuber
2007).
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Autoradiography
The relatively high levels of morphine in the liver
may be caused by glucuronidation of morphine in
this organ, and the high levels in the posterior kidney most likely reflects accumulation of morphine for
excretion, as supported by the detection of urine
bladder activity after 8 h. The levels detected in the
anterior kidney is more difficult to explain, but could
possibly be due to binding to leucocytes. The anterior kidney is an important immunological organ in
fish, and produces leucocytes in addition to erythrocytes (Kryvi & Totland 1997). Morphine receptors
have been found on the leucocytes of vertebrates
(Sharp 2006), including teleosts (Chadzinska et al.
1997). The whole-body autoradiography results
mainly coincided with the results from the scintillation count. In addition, high activity was detected in
the mucosa and lumen of the gastrointestinal tract.
This could be interpreted as morphine being
excreted through the gastrointestinal tract. In sheep,
the gut:blood partition coefficient was 11.0 (Sloan et
al. 1991), indicating that this route of excretion is
also important in mammals. After 0.5 and 1 h, strong
radioactivity was detected over the injection site, but
this was no longer present at 8 h, indicating that any
precipitation at the injection site due to common ion
effect, pH and temperature (Stevens & Balahura
2007) lasted no longer than 8 h. As brain tissue was
available in only a few fish after sectioning, radioactivity levels in different brain areas could not be
determined by scintillation counting. The few samples that were taken indicated even lower levels as
in the spinal cord, and this is supported by the
autoradiography
images.
The
autoradiograms
showed no detectable activity in the brain at any
time point (Fig. 4). This contrasts with findings in
rats, where the concentration ratio in blood and brain
subcortex was close to 1 for several hours after an
intravenous injection (Plomp et al. 1981). The low
accessibility of morphine to the fish brain may partly
explain why relatively high doses of morphine have
been used to obtain an analgesic effect in fish compared to mammals (Yeomans et al. 1996, Sneddon
2003). However, even low concentrations can have
an effect provided the efficacy at the receptor is
high. The efficacy of morphine on the fish µ-opioid
receptor is currently unknown, and needs to be
addressed in future studies. In addition, the route of
administration greatly influences the plasma concentration needed for analgesia in fish (Newby et al.
2009). The reason for this effect of administration
route as well as the reasons for the low accessibility
of morphine to the fish brain when i.m. injected need
to be investigated in future experiments.
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