
INRAE Productions Animales, 2023, numéro 2https://doi.org/10.20870/productions-animales.2023.36.2.7599

Approaches complementary 
to animal experimentation 
in agronomy and veterinary clinics: 
solutions and limits

Marie-Hélène PERRUCHOT1, Frédéric DESSAUGE1

1PEGASE, INRAE, Institut Agro, 35590, Saint-Gilles, France
E-mail: marie-helene.perruchot@inrae.fr

 � The use of animal models in biological research raises many questions for society in general, but also for those 
involved in this research. In previous centuries, it took a long time for animals to be recognised as sentient beings. 
Changes in social attitudes from antiquity to the present day have made this recognition possible. The regulatory 
framework for animal experimentation has evolved considerably over the last twenty years, in tandem with an 
ethical debate that has led to the creation of ethics committees since 1990. There is still room for improvement, 
but the implementation of the 2010 European Directive should contribute further to improving the condition of 
animals in experimental research. The aim of this review is to outline the various stages that led to the notion of 
“animal consciousness”, defined as the subjective experience that animals have of their environment, their own 
bodies and/or their own knowledge, and the need to develop new tools to reduce animal experimentation.

Introduction

Man’s perception of animals has been 
strongly influenced by philosophical 
theories, the most important of which 
defended the idea that it is conscious-
ness, in other words the soul, that dif-
ferentiates man from animals. These 
theories have continued to evolve over 
the centuries and, since Antiquity, have 
played an important role in the exper-
imental methods available to mankind 
to explore living organisms and, in 
particular, the brain, which was very 
early on considered to be the seat of 
consciousness.

The development of complemen-
tary or alternative methods to animal 
experimentation, which also enable to 

reduce the number of animals used in 
animal experimentation in research, 
and particularly in agronomic research, 
responds to ethical, societal and scien-
tific concerns. The development of new 
technologies (cell culture, organ-on-
chip, organoids) provides innovative 
experimental solutions for the study 
of animal physiology and pathologies, 
with their strengths and limitations. The 
aim of this summary is firstly to outline 
the history of the awakening of animal 
consciousness, through the philosoph-
ical and biological currents that for cen-
turies opposed each other on the status 
of the animal, and then through the 
domestication of animals, which was 
a key element in the use of animals by 
man. We will then look at the various 
stages of animal protection legislation, 
that led to laws aimed at reducing the 

use of animals for scientific purposes. 
Finally, we will look at the development 
of alternatives and complementary 
experiments to animal experimenta-
tion, from the discovery of the cell to 
the creation of mini-animal organs.

1. History of animal 
awareness and ethics 
– The human-animal 
relationship

Animal consciousness has long been 
a subject of research for scientists and 
philosophers. As far back as antiquity, 
philosophers such as Aristotle, the 
Epicureans and the Stoics believed 
that non-human animals were not 
subject to justice (there were no pen-
alties for mistreatment) because they 
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lacked reason, while other philoso-
phers such as Porphyry (Porphyry, 
1979) and Plutarque (Plutarque, 2002) 
asserted that animals were sentient 
and should therefore be respected. 
A few centuries later, René Descartes 
(Descartes, 1973) and Emmanuel 
Kant (Kant, 1986) stated that animals 
lacked consciousness, while Michel 
de Montaigne (De Montaigne, 1962), 
Jean-Jacques Rousseau (Guichet, 2002) 
and (Bentham, 1823) recognised that 
animals were sentient and even social 
beings. However, it was only at the end 
of the twentieth century that animal 
ethics (a branch of philosophy devoted 
to the moral responsibilities of human 
beings towards animals of other spe-
cies, viewed individually) was estab-
lished as a philosophical discipline in its 
own right – more precisely in 1975, the 
year of publication of the seminal work 
Animal Liberation, by the Australian 
philosopher Peter Singer (Singer, 
2012). Peter Singer pioneered animal 
ethics by combining a philosophical 
approach with scientific demonstra-
tions to highlight animal suffering and 
the abusive use of animals in animal 
experimentation. He thus introduced 
a pathocentric perspective, according 
to which individuals have a non-instru-
mental value because they are sentient. 
It rejects the notions of speciesism and 
utilitarianism, which portray animals 
as having a status inferior to humans. 
Two collective expert reports have 
been published on pain and animal 
consciousness, bringing together phi-
losophers and biologists. An initial 
collective scientific assessment con-
ducted by INRAE (Institut national de 
recherche pour l’agriculture, l’alimen-
tation et l’environnement) on behalf 
of the French Ministries of Agriculture 
and Research on “Animal pain in live-
stock farming” (Le Neindre et al., 2009) 
was followed in 2017 when INRAE (via 
its Department of Collective Scientific 
Expertise, Foresight and Studies) took 
up these issues by conducting a col-
lective scientific assessment on ani-
mal consciousness, at the request of 
the European Food Safety Authority 

(EFSA). This work led to a clarification 
of the concepts and analysis methods 
used to understand pain in livestock. 
This work has also made it possible 
to characterise and identify painful 
situations. Painful interventions may 
be carried out on animals to meet the 
constraints of certain farming systems, 
but also to meet the requirements of 
the organoleptic quality of a product or 
worker safety. Slaughtering conditions, 
for example, have been specifically 
studied. It is well known that stress at 
slaughter has a major impact on meat 
quality (particularly in pigs), and this 
work has helped to identify solutions 
to reduce or even eliminate pain and 
stress at slaughter. The results were pre-
sented to representatives of the mem-
ber countries of the European network 
on animal welfare and the EFSA on 11 
May 2017 in Parma (Italy) (Le Neindre 
et al., 2017).

Another process in the evolution of 
consideration for the animal condi-
tion is animal domestication, which 
responds to a utilitarian ethic. Animal 
domestication dates back to the 

Palaeolithic period with the domes-
tication of the dog, the first animal to 
have been domesticated (-40,000 years 
ago) (Druzhkova et al., 2013). This was 
followed by other species brought by 
settlers in the Neolithic period: the 
cow, pig, sheep, goat and horse (9,600 
years ago). This stage of domestication 
led to the development of agriculture 
and new eating habits (and a change 
in human lifestyle through sedentari-
sation) (Gautier, 1991). Then, around 
5000 BC, it was the turn of poultry, in 
Asia, with the chicken. Finally, in the 
Middle Ages, rabbits and donkeys were 
domesticated, followed by other birds 
around 1500 AD (Chansigaud, 2020). 
All these practices are sometimes to 
the detriment of the animal, which loses 
genetic diversity and brain capacity and 
acquires traits that are sometimes to its 
disadvantage (Chanvallon, 2009). The 
process of domesticating species has 
led to physiological changes in animals 
(reduced aggressiveness, reduced brain 
volume, changes in seasonality) and 
certain practices have become depen-
dent on humans, such as reproduction 
and horse riding (Chapouthier, 2009).

Figure 1. The human-animal relationship through the ages, including domes-
tication – because this process is the basis for the “use” of animals by humans.
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The dog was the first domesticated animal and the grey wolf is thought to be the ancestor of the domestic 
dog. 99% of their DNA is common. The horse was domesticated not once, but at least twice. The first 
evidence of the domestication of the horse dates back around 5,500 years, the second around 2,200 BC. 
This was followed by the domestication of herbivores, notably cattle, and then chickens around 6,000 BC. 
The cat was domesticated around 50 BC, followed by the rabbit and the donkey in the Middle Ages. 
The turkey was domesticated later, around 1500.
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2. Reconciling animal 
protection and the need 
to acquire knowledge: 
A body of regulations 
in France and Europe

Consideration of the interests of 
animals by legislators is a fairly recent 
development in human history. It 
began in 1804 with the creation of 
the Civil Code by Napoleon, in which 
animals were considered as “movable 
property” (art. 528) and over which the 
owner exercised a right of ownership. 
In France, the concern to protect ani-
mals did not receive the backing of 
the law until 1850, and then only in a 
very summary way, when on 2 July the 
National Legislative Assembly passed 
the Grammont Law: “Those who pub-
licly and abusively mistreat domestic 
animals will be punished by a fine of 
between five and fifteen francs, and 
may be imprisoned for between one 
and five days”. On 14 March 1861, the 
Court of Cassation defined domestic 
animals as “animate beings that live, 
are raised, are fed and reproduce under 
man’s roof and by his care”. Another 
important date was 7 September 1959, 
when the decree repealing and replac-
ing the Grammont law was issued. The 
ill-treatment of animals was also penal-
ised in the private sphere. The Act of 19 
November 1963 created the offence of 
cruelty, followed by the Act of 10 July 
1976, which set out the fundamental 
principles of animal protection:  animals 
are sentient beings and must be kept in 
conditions compatible with their bio-
logical needs; it is forbidden to mistreat 
animals; it is forbidden to use animals 
improperly (Code rural et de la pêche 
maritime, article L. 214-1 to L.214.3).

The Council of Europe took an inter-
est in animal protection (1960-1970), 
setting up conventions to protect farm, 
experimental and domestic animals. 
In 1987, the European Convention for 
the Protection of Pet Animals made 
a general reference to the welfare of 
domestic animals. In 1997, the Treaty 

of Amsterdam defined animals as “sen-
tient beings for whom the implementa-
tion of Community policy in the fields 
of agriculture, transport, the internal 
market and research must take account 
of their welfare requirements”. In 1999, 
following a new animal protection law, 
the French Civil Code was amended so 
that animals, while remaining property, 
were no longer treated as things.

Subsequently, article 521-1 of the 
Criminal Code “protects animals as 
sentient beings by imposing severe 
penalties for serious cruelty to ani-
mals under human care”. In 2005, a 
report commissioned by the Minister 
of Justice recommended that “the Civil 
Code should recognise that animals are 
sentient living beings, and that the legal 
regime to be adopted for them should 
be deduced from this basic qualifica-
tion”. Then in September 2010, in the 
European directive on animal exper-
imentation, the notion of sentience 
appeared once again: “Animals should 
therefore always be treated as sentient 
creatures”. A bill on animal protection 
was tabled on 13 November 2012, 
which included Article 515-14 stipu-
lating that “Animals are sentient living 
beings. They must be kept in conditions 
consistent with the biological require-
ments of their species and respect for 
their welfare”. On 16 April 2014, the first 
passage of the bill on the moderniza-
tion and simplification of the law and 
procedures in the fields of justice and 
home affairs took place in the hemicycle 
of the National Assembly. The deputies 
voted in favor of the Glavany amend-
ment, which included article 515-14 
as follows: “Animals are sentient living 

beings. Subject to the laws that protect 
them, animals are subject to the regime 
of tangible property”. On 30 October 
2014 the MPs adopted the text of the 
law, including the provision recogniz-
ing animals as sentient living beings. 
Animals are recognized as sentient 
living beings. Their legal status (mov-
able or immovable property) remains 
unchanged and the rules governing 
their ownership continue to apply.

This symbolic measure is viewed 
positively by animal associations and 
animal lovers, who see it as a first 
step towards changing the place 
accorded to animals in our society. 
https://www.fondation-droit-ani-
mal.org/informations-juridiques/
textes-relatifs-a-lanimal/

Then recently, the Act of 30 November 
2021 was passed to combat animal mis-
treatment and strengthen the bond 
between animals and humans.

	� 2.1. How can livestock 
farming be repositioned 
in this context?

The domestication of animals has 
turned farmed animals into “utility” 
animals, and today’s livestock farming 
is the result of this age-old process. At 
present, the intentional objectives of 
domestication or the improvement of 
domestic breeds essentially concern 
production (rarely the work produced 
by the animals). These are adaptations 
to farming conditions, prolificacy, 
growth rate, and often the quality of 
meat or other products such as milk 
or wool. The first records showing the 

Figure 2. Key stages in animal protection regulation.
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Timeline of key stages in the recommendations and laws enacted in France from 1804 to the Glavany 
amendment of 2015.
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formalisation of animal selection by lin-
eage date back to the 16th century BC 
(Sanchez et al., 2000). Modern selec-
tion requires objective evaluation of 
animals and rigorous organisation of 
breeding programmes to improve the 
performance of lines in line with spe-
cific objectives. The most advanced 
form of domestication corresponds to 
intensive breeding, where the breeder 
provides everything necessary for the 
development of the animals, to maxi-
mise their production or enable them 
to be reared on small areas. In livestock 
farming, the intensification that accom-
panies modernisation tends to reduce 
the direct interaction between farmer 
and animal (Fiorelli et al., 2012).

However, for several decades now, 
the human-animal relationship and the 
welfare of farm animals have become a 
subject of great importance in agron-
omy (Boivin et al., 2012).

	� 2.2. Animal 
experimentation in question 
or Questioning animal 
experimentation?

The use of animals to acquire and 
increase knowledge of biological, 
physiological and medical processes 
dates back to antiquity. Roman law 
prohibited the dissection of human 
cadavers, and Galen (around 130-200 
AD) can be credited with the system-
atic practice of animal experimenta-
tion, mainly on pigs and monkeys. 
Progress in scientific knowledge has led 
to a better understanding of how the 
bodies of animals and humans “work”. 
This progress is based on experimen-
tal biological research itself, the prin-
ciples of which were described in the 
nineteenth century by Claude Bernard 
(Bernard, 1952), and whose foundations 
are post-Cartesian: living bodies, as 
material systems, can be analysed and 
understood through experimentation. 
These advances in scientific knowl-
edge have demonstrated the extraor-
dinary similarity between the way 
animal and human bodies function. 

The development of the use of animals 
in biomedical research was marked in 
the 19th century by Claude Bernard, a 
fervent defender of the experimental 
method. In “Introduction to the Study 
of Experimental Medicine”, published 
in 1865, he wrote: “We can only learn 
about the laws and properties of liv-
ing matter by dislocating living organ-
isms in order to gain access to their 
inner environment”. This experimental 
method heralded a new era in med-
icine. And it enabled Claude Bernard 
to make major discoveries. Most of his 
experiments involved vivisection. “Even 
his wife and daughters, fierce animal 
rights activists, ended up turning their 
backs on him” (Corvol, 2012).

Despite the long history of animal 
experimentation, no regulations, either 
legislative or moral, were put in place 
until the 20th century. Since the reform 
of the penal code in 1994, these acts 
of vivisection of animals have been 
punishable and come under the cat-
egory of “other crimes and offences”. 
What’s more, the penalties for animal 
abuse have just been strengthened in 
the 2018 EGALIM law. In fact, there is a 
significant difference to be taken into 
account between mistreatment (unjus-
tified and therefore unacceptable) and 
use for scientific purposes (utilitarian 
approach, inducing pain/suffering 
greater than that of a needle) assessed 
by an ethics committee. It has become 
imperative to guarantee animals still 
being used for legitimate reasons a level 
of protection and welfare as high as the 
objectives of the experiment allow. In 
addition, it is important to know the 
assessment of the ratio relationship 
between the damage caused to the 
animals and the expected benefits of 
the experiment.

The moral concern shared by many 
people not to cause animals to suffer 
led, on the one hand, to the creation of 
associations (the Société Protectrice des 
Animaux created in France in 1845, and 
the Animaliste party founded in 2016, 
the first French political party dedicated 

to the defence of animals) and, on the 
other, to the introduction of a law to 
protect animals into the penal code in 
1850 (the Grammont law).

In animal experimentation, the issue 
of pain management has led to the 
establishment of the 3S rule. Members 
of the INRAE group of experts sug-
gest using the 3S rule: suppress, sub-
stitute, relieve. The first question is 
whether the potentially painful pro-
cedure is really necessary, and if so, 
whether it should be carried out using 
the least painful method (Le Neindre 
et al., 2009). Finally, if the latter does 
nevertheless cause pain, it should be 
relieved using early, multimodal and 
appropriate analgesia: i) removing 
the source of pain when it does not 
provide any benefit to the animals or 
the farmers; ii) replacing a technique 
that causes pain with another method; 
iii)  relieving unavoidable pain using 
pharmacological treatments.

3. The 3Rs and 3Ss: 
new stages!

	� 3.1. The “3Rs” rule, 
Development of alternative 
methods to respond 
to societal concerns 
around an ethical approach 
to animal experimentation

In 1959, Russell and Burch described 
the “3Rs” principle – Replace, Reduce, 
Refine – for research using animals 
(Tannenbaum and Bennett, 2015). This 
principle recommends substituting the 
use of higher-consciousness animals 
(live vertebrates) with more primitive 
life forms or with in vitro experiments 
and computer simulations. The prin-
ciple of reduction recommends that 
research and procedures should be 
carried out with as few animals as pos-
sible, while the principle of refinement 
suggests that the techniques used 
should reduce their pain and distress 
at all stages of the study (Miziara et al., 
2012; Petroianu, 1996).



INRAE Productions Animales, 2023, numéro 2

Approaches complementary to animal experimentation in agronomy and veterinary clinics: solutions and limits / 5

	� 3.2. “Alternative methods” 
to animal experimentation

The term “alternative methods” was 
introduced in 1978 by David Smyth 
(Smyth, 1978). It covers methods that 
satisfy one or more of the “3Rs” princi-
ples (Replace – Reduce – Refine).

In 2012, OPAL (an association 
founded in 1968 on the use of animals 
in animal experimentation) organized 
a symposium focusing on the 4th R: 
“Responsibility of all those involved 
in animal experimentation”. Those 
involved in animal research have a duty 
to apply ethical principles in order to 
carry out high-quality research while 
protecting the animals as much as pos-
sible. The majority of society’s expecta-
tions regarding the use of alternative 
methods in experimentation appear 
to be well-founded and consistent 
with the progress of research, analysis 
of the issues at stake and regulatory 
developments.

	� 3.3 Official information 
on alternative methods

The European Centre for the Validation 
of Alternative Methods (ECVAM): 

https://eurl-ecvam.jrc.ec.europa.eu/ 
is a European reference laboratory. In 
addition, the national platform for the 
development of alternative methods in 
animal experimentation (FRANCOPA) 
is dedicated to the development and 
dissemination of alternative methods 
in animal experimentation, created in 
2007: http://www.francopa.fr/web/
francopa?page=home&out=txt&lan-
guageIhm=fre.

Finally, the FC3R (France Centre 3R) 
was created in 2021 to support the 
application of the rules stemming 
from the 3R principle at the request 
of the Ministry of Higher Education, 
Research and Innovation, in the form 
of a Scientific Interest Group (GIS). 
It has a wide range of missions and 
resources. The aim of this structure is 
to be recognised in France and Europe 
as a reference and contact point for all 
issues relating to the 3Rs, in both pub-
lic and private research. The founding 
members of the GIS are Inserm, CNRS, 
INRAE, Inria, CEA, Institut Pasteur de 
Paris, CPU and Udice. https://presse.
inserm.fr/creation-dun-groupement-
dinteret-scientifique-reference-fran-
caise-pour-toutes-les-questions-rela-
tives-aux-3r-2/44037/.

The objectives of the FC3R are : to 
achieve a significant reduction in the 
number of animals used in experiments, 
particularly through longitudinal mul-
timodal approaches, to ensure better 
replacement by invertebrate models 
or complementary approaches, partic-
ularly in vitro; i) – to ensure refinement 
based on innovative practices; ii) to 
ensure training in rigorous and respon-
sible practice, in line with the 3Rs princi-
ple, for all students and/or new entrants 
required to use animals for scientific 
purposes; iii) to position the FC3R as a 
key player in France and Europe in the 
development of alternative methods to 
the use of animals and in other issues 
relating to the 3Rs.

A major book on alternatives to ani-
mal experimentation, which explains 
the advances made in this area, was 
published very recently and is proving 
to be a useful tool for improving visibil-
ity on the subject (Marano et al., 2020).

The German non-governmental 
organization “Doctors Against Animal 
Expriments” has created a database of 
alternative methods to animal experi-
mentation for research purposes. The 
database is called NAT Database (NAT 

Figure 3. System implemented in France in accordance with the principles of European Directive 2010/63/EU.
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Institutional framework for research using animals for scientific purposes set up by France in accordance with the principles of European Directive 2010/63/EU.
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for Non animal technologies) and is 
available in English and German. The 
search criteria are as follows: field of 
research concerned, method, year and 
country of publication.

	� 3.4. The political 
turn in animal ethics

In accordance with the principles of 
European Directive 2010/63/EU, France 
has set up an institutional framework 
for research using animals for scien-
tific purposes. Ethics committees were 
first set up in Canada in 1968, before 
being introduced in France in 1980 (in 
industry and the armed forces) and 
2001 in public research. The Ministry 
of Research issues authorizations for 
projects using animals, after a favor-
able ethical assessment of the project 
by the Animal Experimentation Ethics 
Committees (C2EA), which carry out 
an ethical assessment based on the 
determination of a cost/benefit bal-
ance between the potential bene-
fits of the project and the expected 
harm to the animals. In France, two 
authorities predominate: Agriculture 
and Research. Agriculture has a rega-
lian mission of controlling structures 
and compliance with regulations 
(approval, compliance of projects, 
skills of people). This task is delegated 
to the DGAL and the DDPP. Research is 
responsible for the ethical assessment 
and authorization of projects. The 
Commission Nationale de Protection 
et d’Utilisation d’Animaux à des Fins 
Scientifiques (CNPAFIS) is placed 
under the aegis of the 2 ministries 
(decree 2013/118).

This guarantees the regulatory 
compliance of the infrastructures and 
operations of the establishments, in 
particular those of the Structures in 
charge of Animal Welfare (SBEA), which 
ensure the operational monitoring of 
authorized projects and the dissemi-
nation and promotion of the 3Rs rule 
(Replace, Reduce and Refine) within 
the establishments. https://www.sbea-
c2ea.fr/lanimal-dans-la-recherche/

4. What are the practical 
alternatives to animal 
experimentation?

The dialogue that has been estab-
lished between these committees and 
researchers has led to the development 
of hitherto ignored principles such as 
the 3Rs (Replace, Reduce, Refine). This 
has led to improved experimental con-
ditions, a gradual reduction in the num-
ber of animals through rational use and 
the replacement of animals by in vitro 
and in silico techniques, particularly at 
different stages of research.

	� 4.1. In vitro approaches

The development of the biological 
sciences would not have been possible 
without one of the greatest inventions of 
all: microscopes. In the 16th and 17th cen-
turies, two countries, the Netherlands 
and Italy, played a crucial role in the 
construction and use of microscopes 
and telescopes. In the Netherlands, 
around 1590, Hans Janssen and his 
son invented a microscope made of 
two convex lenses. In 1665, the English 
physicist Hooke published the first 
major work on the construction of the 
microscope, its components and micro-
scopic observations. In his micrographs 
he illustrated the microscopic struc-
tures of numerous biological samples 
(insects, plants, sponges, bryozoans, 
fossils, etc.) observed under the micro-
scope and described the microscopic 
units. “Cells” or “pores”, as he called the 
small compartments in a slice of cork 
(thickened walls of dead cells), were 
chosen to designate these microscopic 
units. Although Robert Hooke used 
the term “cell” differently from later 
biologists, today’s term “cell” comes 
directly from Hooke’s Micrographia 
(Hooke, 1965). At the end of the 19th 
century, Wilhelm Roux (1885) demon-
strated that it was possible to maintain 
living cells (from the neural plate of 
chicken embryos) outside the body in 
a saline buffer for a few days (Sander, 
1991). The American embryologist 

Ross Granville Harrison (1870-1959) 
developed the first in vitro cell culture 
techniques at the beginning of the 20th 
century (Souza et al., 2016). Harrison’s 
experiments made cell life “visible” by 
developing techniques for visualizing 
his cultures between slide and covers-
lip. In his research article “Observations 
on the Living Developing Nerve Fiber”, 
he described a method for maintain-
ing nerve cells and developing fibers 
ex vivo (Harrison, 1907). Unfortunately, 
Harrison’s observations were limited 
in time by bacterial contamination. 
For this reason, Harrison introduced 
aseptic techniques for working with 
cell cultures. Glassware was flambéed, 
surgical equipment (needles, scissors 
and forceps) was boiled and tissues/fil-
ter papers were autoclaved. The aseptic 
technique resulted in sterile prepara-
tions that could be maintained in vitro 
for more than five weeks. As a result of 
these changes in sterile tissue prepara-
tion, Harrison was able to demonstrate 
various stages of cell development con-
tinuously over time (Nicholas, 1961). 
Through the development of his tech-
nique, Harrison highlighted enormous 
possibilities for the application of cell 
and tissue culture not only as a tool in 
bacteriology, embryology, physiology 
or histology studies, but also for the 
production of monoclonal antibod-
ies, vaccines and drugs (Rodriguez-
Hernandez et al., 2014). Subsequently, 
an experiment by Alexis Carrel (winner 
of the Nobel Prize in Physiology and 
Medicine in 1912) that had a major 
impact on his time was the chicken 
heart that he made beat in vitro, in a 
nutrient liquid, for several decades (an 
age that no chicken reaches) (Soupault, 
1952). This opened the way to two areas 
of research: i) the conservation of liv-
ing organs for possible transplantation 

Box 1. In vitro approaches. 

In vitro approaches. Refers to chemical, physical 
or immunological reactions, or all experiments and 
research carried out in the laboratory, outside a liv-
ing organism (tissue cultures, hormone synthesis, 
etc. are carried out in vitro).

https://www.sbea-c2ea.fr/lanimal-dans-la-recherche/
https://www.sbea-c2ea.fr/lanimal-dans-la-recherche/
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purposes; and ii) the exact limit to the 
lifespan of different organs.

	� 4.2. Cell lines

Cell lines are immortalized cells, usu-
ally by transfection, that multiply by 
mitosis and represent a homogenous 
population. Their major advantage is 
that they can be maintained in culture 
for a very long period of time.

In 1925, the ATCC (American Type 
Culture Collection), a world center 
for biological resources, was founded 
when a committee of scientists recog-
nized the need for a centralized collec-
tion of micro-organisms that scientists 
around the world could use to con-
duct research to advance the science 
of microbiology. The collections later 
expanded to include cell lines and the 
ATCC became a standard-setting orga-
nization as well as the leading devel-
oper and supplier of authenticated cell 
lines and micro-organisms. In 1927, the 
first ATCC catalogue was published. The 
second edition two years later included 
650 new cultures. https://www.atcc.
org/.

The first cell line, the “L” cell line, was 
established by Earle in 1948. This cell 
line was derived from mouse subcu-
taneous tissue and had a morphology 
quite different from the original tissue 
(Marquis, 2012).

In the 1950s and 60s, other diploid 
cell lines were developed such as HeLa, 
MRC-5 and WI-38 from human tissues 
(Rodriguez-Hernandez et al., 2014). 
The cell line called HeLa (derived from 
the patient’s name – Henrietta Lacks), 
was cultured for one year and in 1952 
Dr Gey and colleagues published 
the first results on this line (Gey et al., 
1952). HeLa cells were shown to grow 
in a variety of media – chicken plasma 
medium, bovine embryo extract and 
human placental cord serum. The HeLa 
cell line established by Gey gave Jonas 
Salk and John Enders gave or provided 
the opportunity to develop poliovirus 

cultures in a non-nervous tissue sys-
tem. Polio virus was also successfully 
propagated in HeLa cell cultures by Dr 
Gey (Lucey et al., 2009). HeLa cells have 
become the most popular and valuable 
resource for cancer studies (Meechan 
and Wilson, 2006).

	� 4.3. However, 
the main limitations 
and disadvantages of using 
cell lines today are :

- Genetic aberrations in cell lines 
linked to an increase in the number of 
passages,

- Genotypic and phenotypic drift in 
lines, particularly those deposited in cell 
banks for many years,

- The different methods of culturing 
tumor and cancer cells (2D and 3D),

- Cross-contamination of cell cultures 
with the HeLa cell line (it has been 
reported that a large number of cancer 
cell lines are cross-contaminated),

- Culture conditions can modify mor-
phology, gene expression and several 
cellular pathways,

- Mycoplasma infections can alter the 
properties of the culture, (Edmondson 
et al., 2014).

	� 4.4. Stem cells

One of the most remarkable advances 
came in 1957 when the first human 
bone marrow transplant was attempted 
by Dr Edward Donnall Thomas, a medi-
cal researcher working in Seattle at the 
time who went on to win the Nobel 
Prize in 1990 for his work (Storb, 2012). 
Thanks to his research in immunology, 
Dr (Robert A.) Good was able to carry 
out the first allogeneic bone marrow 
transplant. Bone marrow transplanta-
tion is a form of haematopoietic stem 
cell transplantation in which haema-
topoietic stem cells are injected into 
a patient to treat various blood dis-

eases, including certain autoimmune 
and hereditary diseases, and cancer. 
Dr Robert A. Good performed the first 
bone marrow transplant on a child suf-
fering from an immune deficiency in 
1968. The boy received bone marrow 
from his sister and continued to live into 
adulthood (O’Reilly, 2003).

In 2006, Shinya Yamanaka of Kyoto 
University in Japan obtained embryon-
ic-type cells from adult cells, avoiding 
any ethical dilemma arising from the 
need to destroy an embryo (Takahashi 
and Yamanaka, 2006). Capable of repro-
gramming specialized adult cells into 
pluripotent cells by inserting 4 key 
genes (Oct3/4, Sox2, Klf4 and c-Myc), he 
was able to form what are now known 
as “induced pluripotent stem cells” (iPS). 
iPSCs are capable of self-renewal and 
differentiation into several cell types 
(Doi et al., 2009.

In 2012, the Nobel Prize in Physiology 
and Medicine was awarded to John 
B. Guordon (for the discoveries that 
proved the reversible nature of cell spe-
cialization) and Shinya Yamanaka (for 
the reprogramming of mature murine 
cells into immature cells) (Trounson and 
DeWitt, 2013). Both of these discover-
ies are of great importance in many 
areas of medicine, such as oncology 
and regenerative medicine. It has been 
reported that embryonic stem cells 
have been successfully used in cartilage 
repair, peripheral nerve repair or cardiac 
regenerative therapy. In addition, mes-
enchymal stem cells have been used in 
certain types of therapy, for example 
autologous transplants or therapies for 
haematopoietic diseases (Sykova and 
Forostyak, 2013).

	� 4.5. New cell culture 
systems: current status, 
advantages and limitations

a.	Organoids
Organoids are not simple cell cultures 

but are 3D structures derived from stem 
cells or progenitor cells that recreate 
important aspects of the 3D anatomy 
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of the organ in miniature and may pos-
sess one or more tissue functions of the 
organ (Rossi et al., 2018). Organoids are 
defined by an in vitro three-dimensional 
cellular self-organization consisting of 
several cell types performing functions 
normally present in the organ in vivo.

Organoids can be generated from 
adult stem cells (ASC) (Sato et al., 2009), 
embryonic stem cells (ESC) (Eiraku 
et al., 2008) or iPSC cells (Takahashi 
and Yamanaka, 2006). For farm ani-
mals, organoids could be used for in 
vitro phenotyping, by testing the in 
vitro characteristics of organoids that 
can be an indicator of traits of interest 
(Archibald et al., 2020). Other applica-
tions include the study of pathologies 
and the mechanisms by which tissues 
function in response to certain factors.... 
The models currently being developed 
using species of agronomic interest 
are mainly those relating to embryonic 
development and the foetus-mother 
relationship, the physiology of tissues 
such as muscle tissue, adipose tissue, 
the mammary gland and the liver, tis-
sue-microbiota interaction, especially 
in the intestine, but potentially in the 

skin, lung and any tissue in contact with 
a microbiota, and host-pathogen inter-
action, both bacterial and viral, in var-
ious tissues such as the intestine, skin, 
lung and brain.

In contrast to these models, that use 
animals of agronomic interest, organ-
oids were first developed in rodents 
and humans, and the application of 
these new in vitro models to farm ani-
mals opens up opportunities to reduce 
animal experimentation and new pros-
pects for predictive approaches for 
many species (rabbits, poultry, mono-
gastric animals, ruminants, etc.). A spe-
cial issue of Veterinary Research: https://
www.biomedcentral.com/collections/
organoids-animals was published in 
2021, showing the strong develop-
ment of these techniques in agron-
omy (Archer et al., 2021; Baquerre et al., 
2021; Beaumont et al., 2021; Bourdon 
et al., 2021; Dessauge et al., 2021; Kar 
et al., 2021; Orr et al., 2021; Pain et al., 
2021; Pain, 2021; Souci and Denesvre, 
2021; Vermeire et al., 2021). For mus-
cle, for example, Kim et al (2020) have 
developed an innovative 3D bioprint-
ing system based on decellularised 

extracellular matrix cells that can 
be used to obtain the functions and 
mechanical properties of skeletal mus-
cle tissue in vitro (Kim et al., 2020).

b.	3D bioprinting
The development of the ECM (extra-

cellular matrix) makes it possible to 
obtain cell-cell and ECM-cell interac-
tions in cultures. Using 2D cell cultures, 
researchers have not been able to 
mimic the in vivo state. Conventional 

Figure 4. The key stages in the development of cell cultures, from the discovery of the cell to the development of mini-organ.

1665

Hooke’s
micrographia

is published and the term «cell»
 is used for the first time
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The discovery of the microscope in 1665 revealed the presence of cells, and their study over the centuries has led to the development of new research tools 
that are still being perfected today.

Box 2. 3D bio-printing. 

3D bioprinting refers to a type of “additive” 
manufacturing, a layer-by-layer manufacturing 
technique that originated from a need for rapid 
“custom” manufacturing and has since evolved into 
a rapid and customizable manufacturing method 
in many fields. 3D bioprinting technology allows 
flexibility in material choice and design paradigm 
– in the context of tissue engineering, the ability 
to incorporate biomaterials and cells intrinsically 
enables 3D bioprinting. As 3D bioprinting becomes 
more ubiquitous, more research into bioprinting 
techniques has emerged, enabling the fabrica-
tion of a wide range of biocompatible constructs, 
cell-encapsulated tissues and organ models (Xiang 
et al., 2022).

https://www.biomedcentral.com/collections/organoids-animals
https://www.biomedcentral.com/collections/organoids-animals
https://www.biomedcentral.com/collections/organoids-animals
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monolayer cultures have various limita-
tions, for example the loss of tissue-spe-
cific architecture. The development of 
new techniques has made it possible 
to improve the microenvironment of 
cell cultures, for example, three-di-
mensional (3D) cell culture models. 
This technique has enabled scientists 
to produce non-adherent and adher-
ent cell cultures. For non-adherent cells, 
cell aggregation can be achieved using 
Ultra Low Attachment (ULA) dishes and/
or agarose and polyhydroxyethyl meth-
acrylate (pMEMA) coated dishes. 3D cul-
tures of adherent cells can be obtained 
using porous materials for prefabricated 
scaffolds that promote cell adhesion. 
The 3D culture format offers a unique 
opportunity to analyse and understand 
cell growth, migration and organisation 
(Mandrycky et al., 2016).

c.	The 3D culture technique 
(organoids and 3D 
bioprinting) is based 
on the idea of mimicking and 
offers a number of advantages

- This model is more representative of 
in vitro conditions and has biochemical 
and morphological characteristics spe-
cific to the in vivo state,

- 3D culture ensures the cell-cell and 
cell-ECM interactions (mechanical and 
biochemical signals) that are essential 
for various processes such as differen-
tiation and proliferation,

- The interactions between tis-
sue-specific cells and the bloodstream 
are also important. The development 
of technologies to vascularize 3D cul-
tures is essential in many studies and 
is expanding in relation to this point. In 
vitro vascularization strategies can be 
classified into modelling and self-or-
ganization methods (Nashimoto et al., 
2017).

- This type of culture ensures more 
precise tissue-specific architecture,

- There are different types of 3D cell 
culture systems, for example, 3D spher-

oids grown on matrix, 3D spheroids 
grown in matrix (scaffold-based 3D 
culture), 3D spheroids grown in sus-
pension, 3D cultures without scaffold. 
Unlike organoids, spheroids are simple 
clusters of cells, derived for example 
from hepatocytes, nervous tissue, skel-
etal muscle cells or mammary glands. 
They do not require scaffolding to form 
3D cultures; the cells assemble sponta-
neously in clusters with each other. They 
cannot self-assemble or regenerate, so 
are not as advanced as organoids.

d.	Limits and drawbacks
- In some 3D cultures, cell detach-

ment is difficult,

- Some existing systems fail to mimic 
the biomechanical characteristics of 
tissues in vivo because they maintain a 
static condition,

- For scaffold-based growing sys-
tems, reproducibility between different 
batches is not satisfactory,

- In synthetic scaffolds based on 
PolyEthyleneGlycol (PEG), the PEG is 
compatible with the cells but the cells 
that are included are not able to bind to 
the matrix without modification,

- Recovery of cells encapsulated in a 
matrix or scaffold (e.g. for nucleic acid 
or protein isolation), screening and 
bioprocessing (thermal, filtration) in 
3D culture systems such as imaging 
tools are difficult. For example, the aut-
ofluorescence of collagen scaffolds is 
troublesome for fine immunolabelling 
(Rimann and Graf-Hausner, 2012; Wu 
et al., 2019).

3D bioprinting technology is one 
of the most exciting innovations, but 
the idea of 3D printing is not new. The 
first description of 3D printing was 
made by Charles W. Hull, he called his 
method “sterolitography” (Hull, 2018). 
The formation of 3D scaffolds for bio-
logical materials was the first step in the 
development of this technology. The 
next step was to evaluate the technique 

that prints living cells layer by layer in 
3D scaffolds (Murphy and Atala, 2014).

The success of the bioprinting pro-
cess depends on the selection of cells 
for printing tissues or organs. Organ 
or tissue printing requires several cell 
types, for example, primary functional 
cells, embryonic and induced pluripo-
tent stem cells. The cells chosen must 
be robust to survive the printing pro-
cess, so in many studies cell lines are 
used. For example, fibroblasts or trans-
formed cell lines are sufficiently robust 
to withstand shear stress and pressure 
(Mironov et al., 2002).

e.	Ethical limits
Numerous ethical issues surround-

ing research on organoids and gas-
truloids have already been identified. 
The ethical problem arises with cere-
bral organoids (cerebroids) and the 
notion of “consciousness” of the struc-
tures formed. The creation of chime-
ras by xenotransplantation to ensure 
the vascularisation and innervation 
of organoids, by transplanting human 
cerebroids into the brains of adult 
animals, is not covered by regulations 
(Lavazza and Massimini, 2018). These 
manipulations pose a real ethical prob-
lem because experimentally it is pos-
sible to modify the cerebral activity of 
an animal transplanted with a human 
cerebral structure (Yeager, 2018). For 
example, a transplant of human glial 
cells can modify the cognitive func-
tions of a mouse (McGinley et al., 2018). 
Many of these issues are not specifically 
addressed by existing ethics control 
structures, but these controls could be 
easily extended to ensure that organoid 
and related research progresses appro-
priately and ethically (Munsie et al., 
2017). Members of the International 
Society for Stem Cell Research (ISSCR) 
have drafted new guidelines for stem 
cell research to reflect advances in stem 
cell science and other areas of research 
that need to be protected and framed 
on ethical, social and political issues 
that have arisen since the last update in 
2016. These guidelines include scientific 
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and ethical guidance for the transfer of 
human pluripotent stem cells and their 
derivatives into animal models (Lovell-
Badge et al., 2021).

INSERM’s ethics committee has also 
examined the ethical issues involved in 
organoid research, which currently has 
no legal framework (https://www.hal.
inserm.fr/inserm-02544395/document).

Another ethical issue concerns the 
use of foetal calf serum in cell culture. 
It is highly controversial because of the 
method used to produce these sera, 
and many substitutes (human plasma 
(Vlaski-Lafarge et al., 2019), synthetic 
sera, etc.) are being developed to avoid 
using animal serum.

f.	 Modelling: in silico methods 
and the contributions 
of “omics” (genomics, 
transcriptomics, proteomics, 
metabolomics, etc.)

In silico methods are based on the 
development of computer simulation 
tools.

The study of omics, or high-through-
put studies, is expanding rapidly in a 
number of areas, from the oldest, such 
as genomics and transcriptomics, to 
the most recent, such as microbiomics 
and exposomics, providing a wealth of 
data that can be used in silico. Omics, 
combined with powerful statistical data 
processing, make it possible to obtain 
a large amount of information from a 
single sample (which makes it possible 
to reduce the number of samples, in line 
with the 3Rs).

The contributions of omics, combined 
with bioinformatics, are the result of the 
need to process genomic information 
and the strong appropriation of com-
puter technologies by researchers. To 
facilitate access to and processing of 

biological sequences, it has been nec-
essary to record them in banks, now 
online on the Internet. These sequence 
banks are filtered by teams of bioinfor-
maticians to create data warehouses 
dedicated to specialized research on 
an organism, a type of molecule, etc. 
(Gallezot, 2002). This gives access to a 
large amount of data that can be pro-
cessed for different research themes 
without duplicating experiments.

In agronomy, for example, a study 
used in silico approaches to under-
stand the growth of Staphylococcus 
aureus on products made from pork, 
and thus demonstrated that the bac-
terium grows faster in ham than in 
sausage, this being linked to the effect 
of temperature (Tango et al., 2015). In 
silico methods combined with omics 
data enable mechanistic studies as well 
as gene and protein linkage studies to 
study a function.

g.	The scientific community
A major advantage at present is that 

scientific societies are getting organ-
ised. For example, the Groupement de 
Recherche sur les Organoïdes (GDR, 
2102) (https://gdr-organoides.cnrs.fr/) 
was set up in 2021 by the CNRS under 
the leadership of Dr Vincent Flacher, 
and brings together scientists from a 
number of French research institutes. Its 
aim is to support this field of research, 
enabling members of the scientific 
community and industries to exchange 
ideas and structure the field in France. 
At INRAE, the Organoids group led by 
Bertrand Pain enables members of the 
same scientific community to discuss 
the development of tools for veterinary 
medicine and agronomy.

Bringing together experts on the 
extraordinary potential of these 
fast-growing technologies for funda-
mental and applied research in the 

fields of life sciences, human and ani-
mal health and well-being is vital to its 
progress.

Conclusion

According to Directive 2010/63/EU3: 
“While it is desirable to replace the use 
of live animals [...] it remains necessary 
to protect human and animal health 
and the environment”. This shows the 
extent of the work that remains to be 
done to further reduce the number of 
animals used in animal experiments. 
However, this summary shows the 
efforts made by the scientific com-
munity to develop new alternatives 
and meet both regulatory and societal 
expectations. It is important to specify 
that fundamental research is based on 
the most relevant models, whereas in 
translational research (e.g. agronomy), 
researchers use the species concerned 
by their application. Work on livestock 
is therefore essential to answer ques-
tions relating to the species concerned, 
and there are many examples showing 
that it is still complicated to transpose 
results obtained on a model species to 
animals of an agronomic species. Thus, 
in agronomy and veterinary medicine, 
physiological and genetic studies using 
3D in vitro models are being devel-
oped for the study of animals and offer 
many advantages. Other methods are 
also being developed, such as in silico 
studies, modelling and the integration 
of large datasets (big data) to reduce 
the number of animals used in animal 
experiments.
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Abstract
In France, the use of animals for scientific purposes has been regulated for more than 25 years. Its evolution takes place mainly within a 
European framework. Directive 86/609 thus aimed to harmonize practices between the Member States. In France as in Europe, regulatory 
texts on animal protection and the use of animals in experimentation are increasingly demanding. Directive 2010/63/EU of the European 
Parliament and of the Council of 22 September 2010 relating to the protection of animals used for scientific purposes has greatly rein-
forced the requirements regarding animal use. The new directive 2010/63/EU of the European Parliament and of the Council of the 22nd of 
September 2010 focuses more particularly on measures to reduce the number of animals used for scientific purposes, this use “remaining 
necessary to protect human health, animal health and the environment”. The regulatory corpus associated with the regulations on ethics 
and animal welfare makes the reduction in the number of animals in experimentation a major challenge for the scientific society. Modern 
cell culture methods, in silico and modelling methods currently make it possible to reduce the number of animals in animal experiments 
and to be complementary to these experiments. These methods are rapidly growing and there is still a lot of progress to be made in order 
to be able to answer more scientific questions by alternative methods.

Résumé
Les approches complémentaires à l’expérimentation animale en agronomie et clinique vétérinaire : solutions 
et limites
En France, l’utilisation des animaux à des fins scientifiques fait l’objet d’une réglementation stricte depuis plus de 25 ans. Son évolution s’effectue 
principalement dans un cadre européen. La directive 86/609 visait ainsi à l’harmonisation des pratiques entre les Etats membres. En France, comme 
en Europe, les textes réglementaires sur la protection animale et l’utilisation de l’animal en expérimentation sont de plus en plus exigeants. La 
directive 2010/63/UE du Parlement Européen et du Conseil du 22 septembre 2010 relative à la protection des animaux utilisés à des fins scienti-
fiques a fortement renforcé les exigences vis-à-vis de l’utilisation des animaux. Cette nouvelle directive s’attache plus particulièrement aux mesures 
concernant l’évolution du nombre d’animaux utilisés à des fins scientifiques et éducatives, cette utilisation « demeurant nécessaire pour protéger la 
santé humaine, la santé animale et l’environnement ». Le corpus réglementaire fait de la diminution du nombre d’animaux en expérimentation un 
défi majeur de la société scientifique. Des méthodes modernes telles que les méthodes in vitro, in silico et de modélisation permettent actuellement 
de diminuer le nombre d’animaux en expérimentation animale et d’être complémentaires à ces expérimentations. Ces méthodes sont en plein 
essor et il reste encore de nombreuses découvertes à faire afin de pouvoir répondre à plus de questions scientifiques par des méthodes alternatives.
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