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Abstract In mammalian research, the implementa-
tion of the 3Rs is ubiquitous. However, the adaptation
of procedures for experimental work on fish seems
less extensive in comparison, even though fish model
organisms are common in a broad range of research
fields already. To strengthen animal welfare in experi-
mental research, we provide an overview of current
research results, including studies on the nociception
of fishes. Furthermore, we describe the potential of
implementing the 3Rs in fish experimental research.
In the context of "Reduction", we show alternative
research methods to lethal sampling. Considering
"Refinement", we point out possibilities to improve
fish handling and indicate that adaptations to the
individual species ecology are necessary. Under the
aspect of "Replacement”, we describe the high poten-
tial of cell cultures that can be obtained from fish tis-
sue and give an overview of the already extensive use
in ecotoxicology and virology. In addition, we illus-
trate that cell cultures could also be increasingly used
for basic research.
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Background of animal experiments

Experiments on animals have a long history dat-
ing back to the sixth century B.C. (Ahne 2007). For
example, Alkmaion (Alkmaion of Kroton, ca. late
6th to early 5th c. B.C.) discovered the brain with its
neuronal activity and described it as the central loca-
tion of cognition and perception, but also the optical
nerve. His work provided fundamental knowledge
and made him become a pioneer in neuroscience
(https://www.dasgehirn.info/entdecken/meilenstei
ne/alkmaion-pionier-der-experimentellen-hirnforsch
ung). Despite Alkmaion’s achievements, Herophilos
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(c. 330-260 B.C.) is considered the "father of anat-
omy" (von Stande 1992; Pearce 2013). To better
understand the anatomy, also with the aim to develop
medical treatment, research was and is conducted not
only on dead, but also on living animals and humans.
Considerations of the implications that these experi-
mental design pose on animal welfare became a con-
cern only recently, because animals were long consid-
ered insensitive organisms (Maehle 2005). Until the
public recognized the capabilities of animals to have
a sentience similar to humans, animal welfare by our
current definition, was not considered and animals
were studied without ethical restrictions (in terms of
specimen numbers and impact of the experiments on
them).

At the end of the eighteenth century, but espe-
cially in the nineteenth century, the public became
increasingly critical of animal experiments as the
suffering of the animals was recognised, and the
scientific necessity of these experiments was ques-
tioned. In the United Kingdom, the animal protec-
tion movement was founded and animal protection
laws (Martin’s Act, 1822 & "Cruelty to Animals Act
(Act CtA)" 1876) were passed. But still, in 1960,
approximately 30 million vertebrates were killed
in animal experiments for predominantly biomedi-
cal research. In 1959, the 3Rs principle was written
by William Russel and Rex Burch in the book, ‘The
Principles of Humane Experimental Techniques’
(Russel and Burch 1992). The philosophy of the 3Rs
(reduce, refine, and replace) is to substantially reduce
the number of animal experiments (Reduction), to
minimize animal suffering (Refinement), and, where
possible, to eliminate animal experiments altogether
and develop alternatives (Replacement). Today, the
3Rs are widely recognized as a part of high-quality
scientific work ensuring ethical considerations, as
well as regulating the use of animals in experimen-
tal procedures (Kirk 2018). The 3R principles devel-
oped by Russel and Burch were incorporated by the
European Union into Directive 86/609/EEC in 1986
(https://eur-lex.europa.eu/legal-content/EN/ALL/?
uri=celex%3A31986L.0609). This directive was
replaced by the current Directive 2010/63/EU of
the European Parliament and of the Council on 22
September 2010, which deals with the protection of
animals used for scientific purposes or for breeding
(https://eur-lex.europa.eu/legal-content/EN/TXT/?
uri=CELEX%3A32010L0063&qid=1668672282
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372). The aim of animal experiments has always been
knowledge gain in basic research, including possible
later applications in humans and other animals (e.g.
veterinary medicine). Thus, animal experiments are
carried out to obtain a basic understanding of anat-
omy and physiology. Exemplarily, animal experimen-
tal research has presently a strong focus on getting a
better understanding on expression of genetic muta-
tions, and pathogenesis, bacterial and viral effects on
the infected organism, its organs and immune system.

The high variety of research topics that incorporate
animal based research results in a large number of
experiments to be carried out on them. Consequently,
animals, including fishes, are still commonly used in
vast numbers.

Numbers of animals/fishes used
within experiments

In 2015, a number of 192 million animals killed in
experiments worldwide was estimated (Taylor and
Alvarez 2019). Despite the increasing numbers of
experiments since the mid-twentieth century, the
appreciation for animal life has also increased, mak-
ing animal health and welfare significant. Neverthe-
less, the numbers of animals for scientific purposes
are on a constant high level and stable within the 27
EU members, UK, and Norway (Table 1, Eur-Lex
2022).

Including the data from Norway in 2018, the repar-
tition of species used for the first time is slightly dif-
ferent compared to earlier years. There is an increase
of 13% in fishes in animal experiments (Table 1), but
a decrease in mice (— 9%), rats (— 2%) and “other
mammals” (— 1%) as well as — 1% in birds (Eur-Lex
2022).

Norways Salmon (Salmo salar) aquaculture
started in 1964, and became commercially profit-
able in the 1970’s. In the 1980’s, net cage produc-
tion was developed along the entire coastline. While
the total production in 1983 (17,298 MT) was still
small compared to 2020 (1,388,433 MT), diseases
became a challenge already in the early 1980’s (FAO
2022). Consequently, the fish farmer’s Sales organiza-
tion established a joint project to work on fish wel-
fare and research into fish health (https://en.seafood.
no/news-and-media/news-archive/celebrating-50-
years-of-modern-aquaculture). Given the large scale
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Table 1 Total numbers of animals used for the first time for research, testing, routine production and education purposes in the
Union between 2015 and 2019 with the inclusion of data from Norway in 2018 and 2019 (Eur-Lex 2022)

2015 2016 2018 (EU-28 incl. NO) 2019 (EU-28 incl. NO)
Total of all animals 9,590,379 9,817,946 9,388,162 10,572,305 10,401,673
Zebrafish 338,815 513,011 499,763 461,521 517,193
Other fish 936,252 791,726 719,932 2,304,216 2,042,339
Total fish 1,275,067 1,304,737 1,219,695 2,765,737 2,559,532
% of fish to total animals 13,3 13,3 26,2 24,6

commercial production of Atlantic salmon in Nor-
way and the need for disease prevention, the num-
ber of fishes in experiments is high, and most trials
are conducted on the development of new vaccines
(Knudsen et al. 2005). Thereby, the number of fish
depends on projects. For example, in 2016, 10.6 mil-
lion salmon, equalling five times the total number of
salmons used for research in Norway during previous
years, were used in two large-scale field trials with
lice remedies alone (https://www.mattilsynet.no/dyr_
og_dyrehold/dyrevelferd/forsoksdyr/bruk_av_dyr_i_
forsok_i_2021.47085/binary/Bruk%20av%20dyr%
20i%20fors%C3%B8k%20i%202021).

In the whole EU and Norway, in 2019, animals
were used for basic research (45%), translational
and applied research (27%) regulatory use to satisfy
legislative requirements (17%) and 6% for routine
production (Eur-Lex 2022). With 24.6% (2,559,532
animals, Table 1), fish are the second most used ani-
mal group after mice (52.5%). For fish, the Directive
distinguishes zebrafish (Danio rerio) from other fish
species. Of these 2,559,532 fishes used in 2019, 20%
were zebrafish mostly used for basic research and as
a model for genetically disorders. Approximately half
of the remaining 2,042,339 fish were salmon (Eur-Lex
2022). Within the group of “other fishes”, the animals
were used mostly for the following categories: animal
diseases and disorders (709,198 fish), preservation of
the species (207,051 fish), protection of the natural
environment in the interests of the health or welfare
of human beings or animals (205,317 fish), regulatory
use (102,802 fish), as well as 126,053 fish for animal
welfare experiments (Eur-Lex 2022). However, these
numbers only include those fish on which an experi-
ment was carried out and therefore an application for
an animal experiment had to be submitted. Fish that
were euthanised, e.g., for species surveys, zoologi-
cal collections or obtaining organ tissue without prior

experiment are not included. Although, also these
animal numbers must also be recorded by the individ-
ual research institutions, and therefore documented
by the authorities, no official statistics are publicly
available.

Fish: pain and expression

Another aspect of experiments on fish are studies on
pain perception. Fish are very dissimilar to humans in
their way of expression. For this reason, fish have not
been able to gain much “sympathy” in the past com-
pared to, for example, mammals (Thomas 1984; Mes-
sage, 2019). However, the idea that fish suffer from
stress and may well experience pain is widespread
(Schreck 1981; Sneddon 2009, 2015; Sloman et al.
2019). The International Association for the Study of
Pain (IASP) developed a definition of pain, which is
widely accepted by the scientific and medical com-
munity. Pain can be defined as "an unpleasant sen-
sory and emotional experience associated with actual
or potential tissue damage or resembles it" (IASP
2020). Further described by the IASP, pain is a "per-
sonal experience that is influenced to varying degrees
by biological, psychological, and social factors. .....
Pain and nociception are different phenomena. Pain
cannot be inferred solely from activity in sensory neu-
rons. ... inability to communicate does not negate the
possibility that a human or nonhuman animal experi-
ences pain" (IASP 2020).

Research in recent years suggests that fish have
highly developed cognitive abilities and the neces-
sary physiological capacity for pain reception, and
thus, similar to other vertebrate groups, are capable
of nociception and pain (Chandroo et al. 2004; Reilly
et al. 2008; American Fisheries Society 2014; Bshary
and Brown 2014; Sneddon 2019). The formerly even
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in academia widespread position that fishes do not
feel pain or have a consciousness is now only held by
a minority of researchers (Riberolles 2020). As early
as 2011, Metcalfe and Craig expressed the opinion
that the ethical considerations, made for higher ver-
tebrates, should be applied equally to fish (Metcalfe
and Craig 2011). In considering pain in animals, ref-
erence is often made to human pain, which according
to Sneddon (2019) is in many ways a flaw in thinking.
Both nociception and the pain processing system in
animals may be shaped differently due to ecological
and evolutionary history (Sneddon 2017; Sneddon
et al. 2018; Birch 2018). In fish, different risks for
survival are present resulting from their aquatic habi-
tat, so an ecological adaptation has occurred during
evolution. Thus, nociception and the pain system in
fish is different from terrestrial vertebrates. However,
the peripheral nervous system, which is responsible
for the recognition of painful stimuli, is neverthe-
less homologous in many aspects among vertebrates.
Many receptors involved in nociception and pain
are correspondingly found in fishes and mammals
(Bshary and Brown 2014).

One such example for the evidence for pain per-
ception is the TRP (transient receptor potential) chan-
nels, which allow thermal nociception (from noxious
cold to high temperatures). Hereby, it should be noted
that temperature fluctuations are lower in an aquatic
environment than in a terrestrial environment due to
the high buffering capacity of water. Because of this
property, the risk of heat or cold damage is generally
lower in aquatic organisms. Any differences in the
nociceptive system of fish may reflect these environ-
mental differences (Saito and Shingai 2006). The dif-
ferent ecological niches within the fish animal group
also led to evolutionary adaptation of TRP chan-
nels in this case. Thus, electrophysiological studies
on rainbow trout (Oncorhynchus mykiss) revealed
no cold-responsive nociceptors in the range+4 °C
to =7 °C (Ashley et al. 2007). This could be due to
the habitat, since this species lives at temperatures of
0-25 °C. Zebrafish, on the other hand, being native
to tropical waters and therefore to higher temperature
range of 20-30 °C, respond to cold stimuli. Thermo-
TRP channels, which are activated by damaging heat
in the respective species, have been demonstrated in
various fish species (Ashley et al. 2007; Nordgreen
et al. 2009; Majhi et al. 2013; Lopez-Luna et al.
2017). In these studies, it could additionally be shown
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that the response to noxious heat is diminished by
analgesics (Lopez-Luna et al. 2017).

Another example is the physiological role of acid-
sensitive ion channels (ASICs), which monitor extra-
cellular pH and are involved in synaptic transmission,
mechanosensitivity and nociception. The existence
of ASICs has been demonstrated in Hemicordata and
Chordata and is thus evolutionarily highly conserved
(St. John Smith and Lewin 2009; Omerbasié¢ et al.
2015; Sneddon et al. 2017; Burrell 2017; Lynagh
et al. 2018). The similarities of molecular masses as
well as amino acid sequences of fish, rats, and humans
ASICs are high (Vifia et al. 2015). For fish, altered
behaviours (e.g., decrease in swimming activity) and
altered cerebral action potentials have occurred after
injections with acetic acid on the lip and facial skin or
in the caudal fin (Batista et al. 2018).

In addition to nociception and pain sensation in
fish, it has also been documented that fish are adapta-
ble and social animals that hunt in a coordinated man-
ner (Arnegard and Carlson 2005; Herbert-Read et al.
2016; Oliveira et al. 2017). They play, use tools, and
in some cases can even distinguish quantities, allow-
ing fish to notice when the number of conspecifics in
the tank is dwindling (Millot et al. 2014; Rischawy
et al. 2015; Gémez-Laplaza et al. 2018).

For all these reasons, the implementation of
the 3Rs has to be considered a critical goal for fish
research, as it is already the case for other vertebrate
groups.

Application of the 3Rs principles in fish research

Increasing concerns about wild fish population
declines and ocean health, as well as the simultane-
ous increase in aquaculture production, have led to a
rethinking during the recent years. The sustainability
as well as the animal welfare of food fish produced in
aquaculture has become an issue for both the general
public and the scientific community (Clover 2005;
Roberts 2007; Balcombe 2017; Message and Green-
hough 2019; Stien et al. 2020). However, one of the
major controversies in fish conservation, although
now enshrined in law (Oberlandesgericht Celle1997;
Schmidt 2021), is the question of accepting or reject-
ing the idea that fish are conscious beings (Braith-
waite et al. 2013; Brown 2015; Sneddon 2015). This
largely determines the extent to which a researcher
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or fish keeper contributes to fish welfare (refinement:
e.g., through analgesia, animal handling) (Browman
et al. 2019). Ethical understanding in relation to fish
has therefore become a highly controversial and hotly
debated topic, especially in recent years (Chatigny
2019).

In principle, animal welfare uses the behaviour or
behavioural deficits of the animals as assessment cri-
teria (Mason and Mench 1997). In addition, in behav-
ioural biology, selection tests are conducted. These
tests have limitations as they are generally based
on the assumption that an animal knows and would
choose what is best for its own welfare (Sloman et al.
2019), which, as maybe also for us humans, may not
necessarily be the case. For example, in selection of
food, the healthiest and most beneficial is not always
chosen, as other factors may influence the selection
(Mela 1999; Leng et al. 2017).

Since “communication” and articulation of fish
is problematic, a variety of indicators have been
proposed for this animal group to assess the level
of well-being, such as colour change, decrease or
increase of respiratory rate and swimming breathing
rate, different swimming behaviour, decreased food
intake, loss of condition, slower growth, abnormali-
ties in morphology, injuries or disease outbreaks, and
also decrease in reproductive performance (Hunt-
ingford et al. 2006; Sneddon et al. 2016). In reality,
combined indicators are probably the best way to
assess well-being to account for intra- and interindi-
vidual differences in specific reactions and responses
that exist across animal groups/species (Mason et al.
1993; Huntingford et al. 2006; Sloman et al. 2019).

In order to promote animal welfare, further adjust-
ments can be made in research or alternatives can also
be used to further advance the 3Rs principles. In Nor-
way, the government has even established a National
Consensus—Platform for Replacement, Reduction and
Refinement of Animal, with advices on application of
the 3Rs related to fish research as main areas of focus
(Grimholt et al. 2009). Some examples of the 3Rs in
fish research are presented below (Fig. 1).

Three R’s—reduction of fish experiments and lethal
sampling in fish

Within the 3R’s, reduction is defined as reducing the
number of test animals to a necessary level. The rule
here is: "As few as possible, as many as necessary".

Fig. 1 Summary of possibilities to alternative methods in
fish research. Three areas are present “Reduce”, “Refine”
and “Replace” of fish in experiments”. The number of fish in
research can be reduced by e.g. “recycling” of fish or using
water samples. As part of refinement, samples can be taken
by mucosal swabbing or gastric lavage, but the proper way to
anaethetise a fish must also be considered. From a replacement
perspective, cell cultures established from fish can provide a
research tool

This rule states that it should be clarified in advance
how many animals are necessary to obtain for a sta-
tistically valid statement. In addition, a literature
search should be conducted whether the planned stud-
ies have already been carried out by other research-
ers. Therefore, a well thought-through experimental
design, statistical and methodological optimisations
need to be planned. In addition, animals can be used
more than once for reducing the total number of ani-
mals. However, this aspect is only permitted under
specific conditions and regulated by the Directive
2010/63/EU (https://eur-lex.europa.eu/legal-conte
nt/EN/TXT/?7uri=CELEX%3A32010L0063&qid=
1668672282372). Here it is described, that the re-
use of animals always depends on the actual level
of severity experienced by the animal in a previous
procedure, and the health and well-being of the ani-
mal, taking into account the lifetime experience of the
individual (Eur-Ex 2022).

In total, the number of reuses of animals used
for research, testing, routine production and edu-
cational purposes remains stable with 2% (Eur-Ex
2022). This average value is also present in fish
(Table 2; Eur-Ex 2022). However, there are also
animal groups in which the animals are used several
times, such as larger mammals, whose reproduction
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Table 2 Exemplary

. Total number of uses Number of reuses Propor-
overview of some selected tion of
types of reuse in 2019 reuses

Mice 5,515,089 55,656 1%
Rats 992,667 14,362 1%
Rabbits 364,400 10,569 3%
Cats 3,708 1,528 41%
Data were taken from Dogs 20,641 7,565 37%
tables 28 and 29 of the Horses, donkeys and 13,399 11,968 89%
“Summary Report on cross-breeds
the statistics on the use Zebrafish 525,170 7,977 2%
of animals for scientific
purposes in the Member Other fish 2,049,687 7,348 <1%
States of the European ... cee
Union and Norway in 2019” Total 10,608,764 207,091 2%

(Eur-Ex 2022)

time is greater and fewer offspring are produced
(Table 2, Eur-Ex 2022).

Besides the reuse of animals, suitable ani-
mal models should be carefully selected based on
empirical values. Further, a central registration of
the results obtained from animal experiments and
good coordination between scientists should prevent
similar experiments from being carried out more
often than necessary. In addition to these described
procedures, further reductions in animal experi-
ments or even euthanisations of fish can be achieved
through alternative methods in fish research. In the
following, some examples will be described in more
detail.

1. Non-invasive/lethal method for examining spe-
cies diversity and population

During the last decade, the use of eDNA (environ-
mental DNA) analysis has been increased in fish
research (Wang et al. 2021) for example to identify
individual species, but also to monitor fish popula-
tions in terms of abundance and biomass (Rourke
et al. 2021). The eDNA can be mitochondrial or
nuclear DNA from a variety of sources, such as
excreted intestinal, blood, and skin cells, faces, urine,
mucus, eggs, or semen, which can be found in water
samples, in both cellular and extracellular forms (Bal-
asingham et al. 2018). Rourke et al. concluded, that
the advantages of eDNA monitoring are not only a
non-lethal sampling, but also lower costs and higher
sampling efficiency compared to traditional lethal
sampling (Rourke et al. 2021).

@ Springer

2. Non-invasive/lethal method for measuring
hormone level in fish

In aquaculture, knowledge of spawning time is of
great economic importance, on the one hand, to
standardise the spawning time of the fish within dif-
ferent tanks and, on the other hand, to transfer the
spawn so that it is not eaten directly by conspecifics
and to be able to monitor and treat it specifically.
For this purpose, the hormone status of the spawn-
ers is determined. In general, fishermen and scien-
tists use blood sampling for hormone analysis. But,
especially with larger shoals of fish, few animals
are sometimes taken to look directly at the repro-
ductive organs or brains in order to conclude that
they are ready to spawn. As alternative to that, ster-
oid and testosterone levels of fish can be determined
directly from water samples as a non-lethal and
non-invasive method (Scott et al. 2007; Scott et al.
2013; Félix et al. 2013).

Three R’s—refinement of fish husbandry and
handling

The aim of refinement is to ensure that the animals
are kept in a manner appropriate to their species,
which includes abiotic parameters such as tempera-
ture, salinity, tank size, but also biotic parameters
like social contact with conspecifics. Another impor-
tant aspect in fish experimental research is also the
issue of anaesthesia and euthanasia and general stress
reduction during handling.
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Husbandry and fish farming

Meanwhile, fish welfare is also an important issue
in commercial farming. The welfare of fish depends
on many decisions in husbandry practices and long-
term production planning. In many countries, the
topic of fish welfare is being addressed by NGOs,
animal welfare organizations, regulators, policy mak-
ers and consumers. For some years now, there have
been strong efforts to make aquaculture more sus-
tainable and responsible. For this reason, the Aqua-
culture Stewardship Council (ASC) was founded,
which sets standards for the aquaculture industry so
that certified products can be sold. These standards
represent sustainability and welfare, and include
water quality, responsible feed sourcing, disease pre-
vention, animal welfare, among others (https://www.
asc-aqua.org/). To keep fish species-appropriate, hus-
bandry, breeding, and rearing manuals already exist
for some economically important species like salmon
(RSPCA 2018a, b). These manuals describe the dif-
ferent options of aquaculture systems, as well as the
optimal conditions of biotic and abiotic factors, and
outline how the health status of the animals should
be checked. Due to high number of fish species and
their ecological diversity, their requirements differ. In
the wild, fish actively relocate their position to areas
where the physicochemical properties of the water are
more favorable for them. This active relocation is not
possible in animal husbandry or laboratory facilities.
The physicochemical parameters of the water are set
by the keeper and need to be adjusted to the optimal
well-being of the fish species and must be determined
in advance (Toni et al. 2019). Thus, in aquaculture
and fish research, animal testing usually consists of
studies on husbandry conditions to obtain an optimal
survival rate, fish growth, reproduction and excellent
fish meat quality. In this context, the factor of animal
welfare has become increasingly important, espe-
cially in recent years.

1. Light regime—what should be considered

In order to explain the difficulty and extent of this abi-
otic adaptation, the factor light shall be considered as
an example as it plays a major role in fish husbandry
and aquaculture (Assan et al. 2021). In temperate and
polar regions, the reproductive cycle, fish growth and
activity is influenced not only by temperature but also

by the different light intensities, colour, and photo-
period (Boeuf and Le Bail 1999). In general, fishes
are either more active in light, less active in darkness,
or vice versa (Boeuf and Le Bail 1999). For exam-
ple, in aquaculture, the bream (Abramis brama) is
fed at night (Ziliukiené 2005), while nile tilapia is
fed at day-time (Wang et al. 2023) due to their activ-
ity. Especially in the larval and juvenile stages, many
"light" attempts were made to determine optimal fish
survival and growth (Blanco-Vives et al. 2010; Schli-
gler et al. 2021; Wang et al. 2023). For normal devel-
opment without deformities or good growth, animals
require species-specific lighting conditions (intensity
and spectrum) with a minimum threshold intensity
(Boglione et al. 2013; Sanchez-Vazquez et al. 2019;
Blanco-Vives et al. 2010) as light changes with water
depth. By this, constant light or darkness, or red lights
can lead to increased malformations and mortality
(Boglione et al. 2013; Sanchez-Vazquez et al. 2019).
Since the blue light dominates with increasing water
depth, this colour usually results in best hatching
rates and growth performance. Light is also important
for localisation of prey or even detection of predators.
Furthermore, light is also critical for body pigmenta-
tion, which in turn is for camouflage and is related to
early development and growth (Grunow et al. 2022).
Too intense light, on the other hand, can be stressful
or even fatal. Information on lighting conditions was
provided in several papers, even if they mostly refer
to the circadian rhythm rather than to the light source,
the light intensity and the wavelength used (Isorna
et al. 2017; Toni et al. 2019). In salmonid aquacul-
ture, the 24/0 light regime is often used for faster
growth due to the permanent activity of the animals.
Even if various studies show that a 24/0 rhythm does
not lead to stress or an increased mortality, but rather
to best growth performance in e.g. Atlantic salmon, it
does not seem to be true for all salmonids. For brook
trout (Salvelinus fontinalis), it could be shown that a
more natural light regime seems to be more suitable.
Lundova et al. exposed specimen to 48 h of natural
photoperiod alternating with 24 h of constant light,
which resulted in increased somatic growth in both
sexes (Lundova et al. 2021). Another positive effect
was the delayed gonadal development and the onset
of puberty (Lundova et al. 2021). Additionally, Valen-
zuela et al. concluded in their study that a 24/0 regime
contributes to increased stress production in rainbow
trout (Valenzuela et al. 2022). During their evolution,
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fish have been adapted to their natural habitats, so
that these should also be maintained in the husbandry
as far as possible regarding to animal welfare.

2. Anaesthesia and euthanasia—what should be
considered

In research and in aquaculture, it is occasionally
necessary to anesthetise the animals for general
examinations, to implant transponder or also for the
slaughter process. Guidelines have been developed
for the aquaculture industry to implement this, stat-
ing that fish should be killed in a manner that does
not cause fear or pain (EFSA 2004; OIE 2018). For
the slaughter process, an immediate and irreversible
unconsciousness is crucial, so that slaughter person-
nel have sufficient time to kill the fish (EFSA 2004;
OIE 2018). Because a large volume of fish typically
must be stunned in the aquaculture industry, the
proposed stunning methods that meet the require-
ment for immediate loss of sentience when properly
applied are percussive and electrical stunning (EFSA
2004; OIE 2018). By this, Bowman et al. (2020) have
shown that the CO, fumigation method should not
be used for this purpose because the time of uncon-
sciousness is prolonged at low temperatures and the
animals generally show less activity at low tempera-
tures and therefore, the degree of unconsciousness
is difficult to detect visually. Therefore, this method
can lead to errors regarding of the status of sedation
(Bowman et al. 2019).

In fish research, the range of commonly used
chemicals for anaesthesia is wide: Benzocaine (Ethyl
p-Aminobenzoate), Diazepam (Valium), Ethanol
(Ethyl Alcohol), Ether (Dimethyl Ether), Eugenol/
Isoeugenol (Clove Oil), Isoflurane (1-Chloro-2,2,2-
Trifluoroethyldifluoromethyl ~ Ether),  Ketamine
Hydrochloride, Propofol (2,6-Diisopropylphenol),
Quinaldine Sulfate (2-Methylquinoline Sulfate), Tric-
aine Methane Sulfonate, MS-222 (3-Aminobenzoic
Acid Ethyl Ester) (Saint-Erne et al. 2015). To moni-
tor the animals during sedation, it is recommended
to check the water temperature and the dissolved
oxygen concentration in the water (Saint-Erne et al.
2015). Moreover, it is advised to monitor the fish
itself with a pulse oximeter (Saint-Erne et al. 2015).
But, how much of the anaesthetics should be added to
the water? This is species and age dependent, but also
influenced by abiotic parameters, such as temperature
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(Neiffer and Stamper 2009; Ogretmen et al. 2014).
For example, for adult zebrafish most researchers use
MS222 at a concentration of 164 mg/L (Collymore
et al. 2014), but for the spotted knifejaw (Oplegna-
thus punctatus) a concentration of just 80 mg/L (Jia
et al. 2022) is necessary. These examples show that
species react different to anaesthetics and concentra-
tion, which in total require assessment for each spe-
cies used (Matsche et al. 2011; Machnik et al. 2018;
Ferreira et al. 2022). The traditional method of visu-
ally evaluating unconsciousness by examining move-
ment, swimming position and gill breathing has been
shown to be insufficient (Bowman et al. 2019). Since
anesthetics, such as MS222, are partly based on mus-
cle relaxants, they can lead to paralysis with full con-
sciousness. In this case, too, the fish would lie par-
alysed in the water, could not actively swim and no
gill breathing would be present. Therefore, Bowman
et al. (2019) described that the accurate assessment of
changes in consciousness—and thus the exclusion of
paralysis—should be done by analysing brain activ-
ity using electroencephalography (EEG) and electro-
cardiography (ECG) in big and small fish (Rendon-
Morales et al. 2005; Bowman et al. 2018; Bowman
et al. 2019). In principle, consideration should be
given to whether the examinations and thus anaesthe-
sia are necessary, as they are detrimental to the ani-
mal, and can results in an impairment in memory and
cognitive flexibility (Fontana et al. 2021).

Non-invasive/lethal method for measuring stress level
in fish

As another example of the possibility of Refinement,
we would like to address the examination of stress
levels. For determining the stress level (e.g. in climate
change studies—temperature increase), it has been
successfully demonstrated that cortisol levels can
be obtained and analysed directly from skin mucus,
faeces or water samples (Fanouraki et al. 2008; Félix
et al. 2013; Carbajal et al. 2019; Tilley et al. 2020), so
that blood sampling or organ removal can be omitted.
This method not only reduces fish testing and euthan-
isations, but is also easier and faster to perform. Addi-
tionally, blood sampling is particularly problematic in
smaller fish species (Zemanova 2020) and has been
associated with higher mortality rates for American
cliff swallows Petrochelidon pyrrhonota (Brown and
Brown 2009).
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Non-invasive method for tracking individuals

Animal research often requires the tagging of indi-
vidual animals, as the identification of individuals is
often crucial in studies of wild and captive popula-
tions (Marshall et al. 2012) to obtain data on migra-
tion, behaviour, survival, reproduction, and growth of
individual animals. Virtually all tagging methods
require capturing the animals, which is stressful for
them. Tagging methods commonly used in fish biol-
ogy include fin clipping and physical tagging with
e.g. T-bar anchors and PIT tags, which involve tissue
damage. In Norwegian aquaculture, Atlantic salmon,
Salmo salar is fitted with an acoustic transmitter for
real-time monitoring (Fgre et al. 2017). For migration
tracking, other tags have been implanted in the fish
in the form of radio transmitters, each of which is an
invasive intervention (Pincock et al. 2010). In addi-
tion, the physical methods of single animal tracking
in particular are unsuitable for younger developmen-
tal stages due to their small body size (Vollset et al.
2020). Other limitations and disadvantages are the
loss of tags, growth reduction, health restrictions, e.g.
due to injuries, and also the difficulty of fleeing from
predators (Hoyle et al. 2015; Burdick 2011; Stans-
bury et al. 2015; Zemanova 2020). Thus, tagging can
directly and indirectly lead to the death of the ani-
mal. Furthermore, it was reported for several decades
that fin tagging resulted in reactions demonstrating
pain in the fishes (Hansen 1988; Roques et al. 2010;
Deakin et al. 2019). Therefore, one aim in aquacul-
ture and fisheries research is the development of non-
invasive methods for tracking and identifying fish in
aqaculture and wild. It could already be proven with
several fish species that individual animal recognition
can successfully used via the natural markings, such
as scars and pigmentation, which make individuals
unique and are also retained for life (Arzoumanian
and Norman 2005; Meekan et al. 2006; Martin-Smith
2011; Gonzalez-Ramos 2017; Saberioon et al. 2017;
Hook et al. 2019b; Zemanova 2020). Saleh et al.
(2022) presented an overview of computer vision and
deep learning techniques used in research for identi-
fying fish under water. Even in salmon aquaculture,
the identification of individual fish could be shown
to be possible via analysing their dotted pigmenta-
tion patterns (Cisar et al. 2021). In total, the various
computer vision techniques for image processing can
be used to study fish swimming movements (Alvaro

et al. 2017; Landgraf et al. 2021), classify fish spe-
cies or individual fish (Zion et al. 2000; Cisar et al.
2021; Saleh et al. 2022), determine size (Petrell et al.
1997; Zion et al. 2000) or even monitor their behav-
iour (Zhou et al. 2019; Cisar et al. 2021; Saleh et al.
2022). These softwares, available in the web, can be
used free of charge or the code is free available and
can be adjusted to the necessary “fish” requirement
and research question.

Non-invasive/lethal method for examining
trophodynamics

To understand ecosystems and develop effective spe-
cies conservation strategies, knowledge on life history
traits, such as reproduction, growth, and survival of
animals, is essential. So far, in this field of research
large numbers of fish need to be sampled, whether
through notified animal testing or euthanisation with-
out a prior animal experiment, even though the final
aim is to conserve the species. In order to reduce the
number of fish killed, Hammerschlag and Sulikowski
(2011) described how non-invasive methods can be
used to study fish for some experimental questions.
For example, for trophodynamic studies, the intestine
is often dissected, and the contents analysed. Alterna-
tives to this lethal method would be gastric lavage or
faecal examination followed by DNA analysis. Gas-
tric lavage under anaesthesia has been widely applied
and, with a high survival rate successfully used for
herbivorous fish as well as apex predatory fish (Bar-
nett et al. 2010; Hammerschlag and Sulikowski 2011;
Elston et al. 2015; Braga et al. 2017). These methods
could ensure greater knowledge about the ecology
and conservation of fishes, especially for populations
of small and rare species that are endangered.

Non-invasive/lethal method for measuring DNA

Furthermore, especially in the field of genetics,
methods have been greatly improved in recent years.
Meanwhile, complex analyses on species identifica-
tion, hybridization, population structures and genetic
diversity can be conducted with non-invasive meth-
ods. Both nuclear DNA (nDNA) and mitochondrial
DNA (mtDNA) have been even used in elasmobranch
species for the study of population structure and
behaviour (Domingues et al. 2017; Larson et al. 2017,
Hook et al. 2019a). The obtained genetic fingerprint
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thereby provides a specific DNA pattern of an indi-
vidual animal. The specimen-specific profile can thus
be obtained from body tissue or fluid, and relation-
ships between individuals within one or more popula-
tions can thus be identified or distinguished (Hoelzel
1998; Hook et al. 2019a). Questions concerning pop-
ulation dynamics and genetic health can be answered
in this way. DNA samples can be obtained directly for
further genetic analyses by swabbing the skin or buc-
cal mucosa. This method is not new and has proven
successful over many years in numerous diverse
fish species (Reid et al. 2012; Taslima et al. 2017;
Domingues et al. 2019) and can further help to reduce
the number of fish killed.

Three R’s—replacement of in vivo to in vitro
experiments

The aim of "replacement” is to establish alternative
model systems and to apply them in experiments
instead using animals. Depending on the scientific
question, it must be examined whether "simpler"
organisms such as bacteria or invertebrates can be
used, or whether complete cell and tissue cultures as
well as computer models can be used. The establish-
ment of cell models has become a rapidly growing
field of research since the 1950s. Thus, the first cell
line was developed from a cervical carcinoma. The
name of this cell line HeLa is due to the name of the
"donor" Henrietta Lacks (Sklott 2010).

Ten years later, the first fish cell culture was devel-
oped. This cell culture was established from rainbow
trout gonads (RTG-2), (Wolf and Quimby 1962). By
1980, 61 fish cell lines from 36 fish species in 17
families had been described (Fent 2001). Thirty years
later, 503 cell lines were established from finfish
worldwide (Lakra et al. 2011). Now, the cellosaurus
database lists 908 cell lines derived from about 200
fish species (https://www.cellosaurus.org/). Currently,
a few fish cell lines from various teleost fishes can
be purchased from ECACC (European Collection of
Authenticated Cell Cultures), ATCC (American type
culture collection) and ISZLER (Istituto Zoopro-
filattico Sperimentale della Lombardia e dell’Emilia
Romagna) and two Indian companies (NRFC and
NCCS), among others. But, most of the cell lines are
unavailable commercially and are only stored in indi-
vidual research institutions.
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Use of fish cells in basic research

The high number of fish currently used in basic
research or for the conservation of the species (see
Table 2) illustrates the need to establish cell lines of
fish species. Cell models can serve as an essential
tool for detailed research purposes, such as cell physi-
ological reactions to understand the fish physiology
in more detail. In addition, cell lines should also be
established for the fish species of the temperate cli-
mate zone, because numerous in vivo experiments
are being carried out in "climate research" in particu-
lar. Thereby, the production of cell lines from IUCN
red-listed fish species should be a priority in order to
avoid further reducing these populations through ani-
mal testing (Kaya et al. 2022). In the last decades, it
has been shown that climate change and the associ-
ated rising temperatures have a significant impact on
fish (e.g. Beamish 1995; Rijnsdorp et al. 2009; Asch
et al. 2019). Reactions to temperature fluctuations or
other stressors—such as changes in oxygen content
or pH—can be simulated under controlled exogenous
conditions and thus studied physiologically, espe-
cially in the first phase of studies at the cell level, to
replace animal experiments (Yebra-Pimentel et al.
2019; Grunow et al. 2021; Schifer et al. 2021; Gos-
wami et al. 2022).

The use of fish cells in applied research

The high potential of fish cell cultures for applied
research has exemplarily been proven in ecotoxico-
logical studies, in fish virology, and for risk assess-
ments, as well as for (fish) pharmacology (Grunow
et al. 2011; Fierro-Castro et al. 2013; Mehnert et al.
2013; Hodgson et al. 2018; Chang et al. 2019). Addi-
tionally, in the key areas of aquaculture, such as
fish health, disease diagnosis, safety and nutritional
aspects that challenge, aquaculture production can
be examined on in vitro models without the need of
in vivo models (Goswami et al. 2022). Besides this,
also genetically modified fish cell lines have enor-
mous potential for use in fish health, genetics and
biotechnological research. Goswami et al. (2022)
described in more detail the establishment of fish
cell lines and their application. Therefore, here, just
two examples for very successful application in fish
research will be given.
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1. Fish cell cultures in ecotoxicology

Fish have always served as test organisms for eco-
toxicological studies because ecotoxic substances
(e.g. esters, aldehydes, alcohols, phenols and ketones)
enter the aquatic environment through various path-
ways. Since many biological systems have been con-
served through evolution, the effects on fish can serve
as a warning of possible effects on human health. Fish
are therefore important as laboratory models for the
study of ecotoxicology, also regarding human health
(Bols et al. 2005). Efforts in ecotoxicology to dis-
pense with animal experiments have existed since
the 1980s (Bols et al. 1985; Ahne and Halder 1990;
Babich et al. 1987; Kramer et al. 2009; Tanneberger
et al. 2013). The laboratory of Niels Bols has suc-
ceeded in establishing various fish cell lines, such as
RTL-W1 from the liver of rainbow trout (O. mykiss),
and RTgill-W1, with which, in addition to RTG-2,
specific toxicity reactions for individual chemicals
(e.g.Clemons et al. 1996; Behrens et al. 2001; Bols
et al. 2005; Lee et al. 2009) or for toxicity screening
of complex environmental samples such as wastewa-
ter or sediment extracts can be measured (e.g.Castafio
et al. 1994; Brack et al. 2000; Dayeh et al. 2002;
Kramer et al. 2009). As early as 1985, Bols et al.
showed a significant correlation between the in vitro
cytotoxicity of 12 aromatic hydrocarbons in a fish
cell line and their in vivo LC50 toxicity values. Other
studies on this topic also reported high in vitro-in vivo
correlations of relative toxicity ranking (Babich et al.
1987; Kramer et al. 2009; Tanneberger et al. 2013;
Scott et al. 2021). Published data from the last dec-
ades and from the different laboratories demonstrate
that cytotoxicity tests with fish cell lines are a valu-
able tool for the relative classification of in vivo fish
toxicity of individual chemicals and effluents, and can
be used as an animal-free alternative to the in vivo
lethality test with fish (Rehberger et al. 2018; Fischer
et al. 2019). The EAWAG (Swiss Federal Institute of
Aquatic Science and Technology, Switzerland) made
a major breakthrough in April 2019: the RTgill-W1
cell line assay for predicting acute fish toxicity of
chemicals and water samples, was accepted by the
International Standards Organisation (ISO) as the first
standardised test using fish cell lines: Preparation
(submission, drafting and editing following ballot
comments) of a guideline: Water quality—determina-
tion of acute toxicity of water samples and chemicals

to a fish gill cell line (RTgill-W1), (https://www.iso.
org/standard/69933.html?browse=tc).

In addition to these successes, however, it was also
shown that further analyses are required, especially
with regard to climate change. Recent studies indicate
the investigation of ecotoxic substances and concen-
trations in connection with elevated temperatures and
show the complex reactions depending on the fish
species (Grunow et al. 2021). This study compared
the physiological response of cell lines generated
from Atlantic sturgeon (Acipenser oxyrinchus) and
Maraena Whitefish (Coregonus maraena), both fish
species listed on the ITUCN-red list, and showed the
different reaction depending on temperature and sol-
vent and its concentration (Grunow et al. 2021). With
the expected higher water temperatures due to climate
change, more emphasis should be placed on fish cell
cultures of different species in order to avoid animal
experiments.

2. Fish cell cultures in fish virology

Another application of cell cultures is in fish virology.
Fish virology is an important field of research due to
the very high economic losses caused by fish viruses
in aquaculture (Jones et al. 2019). Thus, fish dis-
ease outbreaks can have severe economic and social
impacts. In Chile, between 2007 and 2009, outbreaks
of infectious salmon anaemia virus (ISAV) resulted in
losses of approximately US$2 billion and 15,000 jobs
in aquaculture (Mardones et al. 2011). In this field of
research, too, attempts are being made to switch to
in vitro models in order to reduce the high number of
experimental animals.

Salmonids are particularly susceptible to dis-
eases in aquaculture due to stock sizes. For example,
farmed Atlantic salmon are susceptible to several
cardial virus-related diseases, such as Cardiomyo-
pathy Syndrome (CMS, induced by Piscine Myo-
carditis Virus), Heart and Skeletal Muscle Inflam-
mation (HSMI, induced by Piscine Reovirus),
Infectious Salmon Anaemia—ISA (ISAV), and Pan-
creatic Disease (PD, induced by Salmonid Alphavi-
rus, also known as SPDV—Salmon Pancreas Disease
Virus), (McLoughlin and Graham 2007; Haugland
et al. 2011; Finstad et al. 2012). SPDV has been
detected in salmonids (Atlantic salmon, rainbow
trout and brown trout (S. trutta)) for over three dec-
ades (Villoing et al. 2000; McLoughlin and Graham
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2007) and in some non-salmonid marine species such
as common dab (Limanda limanda) for the last dec-
ade (Bruno et al. 2014). The mortality rate due to
these diseases varies, but extreme growth reduction
also causes economic losses in surviving animals. All
these cardiotropic infections cause different immu-
nopathological responses of the heart (Yousaf et al.
2013). Some significant findings into host—pathogen
connections could be achieved through the use of
non-cardiac cell lines, such as Chinook salmon (O.
tshawytscha) embryo cell line (CHSE-214), the RTG-
P1 cell line (RTG-2 cell line transfected and selected
with a trout Mx1 promoter-luciferase construct) or
the SHK-1 cell line developed from the head kidney
of Atlantic salmon (Gahlawat et al. 2009; Mateju-
sova et al. 2013). Furthermore, also cardiotropic cell
models have already been used to study heart-spe-
cific viruses in Atlantic salmon (Noguera et al. 2017,
2021). However, since viruses are animal species and
cell type specific, the quest for cell type specific cell
models is great. Therefore, it is important to develop
species- and tissue specific fish cell lines from aqua-
culture species. In the past, some of these established
cell lines like Bluegill fry (BF-2), Chinook salmon
embryo (CHSE-214), Epithelioma papulosum cypri-
nid (EPC), minnow (FHM), rainbow trout gonad
(RTG-2) and SAF-1 could be used successfully for
study common viruses such as infectious Pancreatic
Necrosis (IPN), viral haemorrhagic septicemia virus
(VHSV), infectious haematopoietic necrosis virus
(IHNV), infectious pancreatic necrosis virus (IPNV),
Koi Herpesvirus (KHV) and Channel Catfsh Virus
(CCV) (Goswami et al. 2022).

Conclusion

Considerable progress has been made in implement-
ing the 3Rs principles in fish research over the past
decades. Many alternatives are already available and
are constantly being further developed and researched
(Fig. 1). We hope that through this article the fish
community becomes more aware of these exist-
ing alternatives, whether in reduction, refinement or
replacement. Hopefully, the number of in vivo studies
and the number of fish euthanised for research with-
out a prior animal experiment will decrease in the
future.
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