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FROM THE EDITORS

Experimental animals have been the cornerstone of
scientific research throughout history. Many important
discoveries related to human health have been made
possible through studies conducted using experimental
animals. In recent years, the acceleration of in vivo studies
has significantly advanced science, driven by several key
factors. These include elucidating how biological
processes and diseases develop and interact in a more
realistic environment, operating under physiological
conditions closer to those of the human body, the ease of
application facilitated by evolving technologies and
techniques, and the goal of planning personalized
medicine approaches. Structuring and managing in vivo
studies with these objectives in mind will lay the
foundation for future health innovations. However,
considering the ethical principles and sensitivities
regarding animal welfare, the use of experimental animals
should be meticulously regulated and monitored.
Scientists, research institutions, policymakers, and society
at large must work together to maintain this balance.

EDIiTORLERDEN

Deney hayvanlari, tarihin basindan beri bilimsel
aragtirmalarin temel tas1 olmustur. Insan saghgiyla ilgili
bir¢ok dnemli kesif, deney hayvanlar1 kullanilarak yapilan
caligmalar sayesinde miimkiin olmustur. Son yillarda, in
vivo caligmalarin ivmelenmesi, biyolojik siireclerin ve
hastaliklarin daha gercekei bir ortamda nasil gelistigini ve
etkilestigini anlamamiza yardimct olarak bilimi 6nemli
Olclide ilerletmistir. Bu ivmenin arkasindaki faktorler
arasinda, insan viicuduna daha yakin fizyolojik kosullar
altinda ¢aligma imkani, gelisen teknolojiler ve tekniklerin
kolay  uygulanabilirligi ve  kisisellestirilmis  tip
yaklagimlarinin planlanmasi yer almaktadir. Bu hedefler
dogrultusunda in vivo calismalarin yapilandiriimas: ve
yonetilmesi, gelecekteki saglik inovasyonlarinin temelini

olusturacaktir. Ancak, hayvan refahiyla ilgili etik
prensipler ve hassasiyetler g0z oniinde
bulunduruldugunda, deney hayvanlarmm kullanim

titizlikle diizenlenmeli ve izlenmelidir. Bilim insanlari,
arastirma kurumlari, politika yapicilar ve genis toplum, bu
dengeyi korumak i¢in birlikte ¢aligmalidir.



In this special issue, various topics will be covered,
including methods used in studies with experimental
animals, ethical principles, statistical analyses, animal
nutrition, anesthesia practices, and experimental animal
models used in cancer, chest diseases, neurological
diseases, obstetrics and gynecology, heart diseases, and
pharmacological research. Additionally, alternative
methods to experimental animal models and senescence
model theories will also be included in this issue.

The reliability and reproducibility of studies conducted
with experimental animals are fundamental to scientific
progress. Therefore, careful attention should be given to
the selection and care of experimental animals,
standardization of experimental procedures, and analysis
of results. Furthermore, ensuring the welfare of
experimental animals and acting in accordance with ethical
rules are crucial for the ethical and legal acceptability of
scientific research.

We hope that this special issue will serve as a valuable
resource for researchers working with experimental
animals, ethics committee members, and professionals
from other relevant disciplines. We believe it will
contribute to overcoming challenges encountered in
studies with experimental animals, developing new
methods, and better protecting the welfare of experimental
animals.

Within increasing importance of experimental research in
biological processes, there has arisen a need to bring
together researchers in the field to develop a roadmap. We
extend our thanks to Professor Dr. Nedim SOZBIR, Rector
of Duzce University, and Professor Dr. Serkan TORUN,
Vice-Rector of Diizce University and Dean of the Faculty
of Medicine, for their support at every stage of our special
issue. Additionally, we express our gratitude to Associate
Professor Dr. Mehmet Ali SUNGUR, the Chief Editor of
Duzce Medical Journal, whose unwavering high
motivation tirelessly brought all aspects of the process
together from inception to publication. We are thankful to
the distinguished scientists who bridged diverse
perspectives in various fields and unified them under the
theme of in vivo studies in shaping our journal issue, to the
reviewers who enriched our authors' works with valuable
feedback, and to all our colleagues who contributed their
efforts sincerely.

Regards,

Bu 0zel sayida, deney hayvanlariyla yapilan ¢alismalarda
kullanilan yontemler, etik prensipler, istatistiksel analizler,
hayvan beslenmesi, anestezi uygulamalari, kanser, gogiis
hastaliklari, norolojik hastaliklar, dogum ve jinekoloji,
kalp hastaliklar1 ve farmakolojik arastirmalarda kullanilan
deney hayvani modelleri gibi c¢esitli konular ele
alinacaktir. Ayrica, deney hayvant modellerine alternatif
yontemler ve yaslanma modeli teorileri de bu sayida yer
alacaktir.

Deney hayvanlariyla yapilan galigmalarin giivenilirligi ve
tekrarlanabilirligi, bilimsel ilerlemenin temelidir. Bu
nedenle, deney hayvanlarinin se¢imi ve bakimina dikkat
edilmesi, deney prosediirlerinin standardizasyonu ve
sonuclarin analiz edilmesi biiyiikk 6nem tasimaktadir.
Ayrica, deney hayvanlarinin refahinin saglanmasi ve etik
kurallara uygun hareket edilmesi, bilimsel arastirmanin
etik ve yasal kabul edilebilirligi agisindan hayati 6neme
sahiptir.

Bu 6zel saymin, deney hayvanlariyla ¢alisan
arastirmacilar, etik komite tyeleri ve ilgili diger
disiplinlerden profesyoneller icin degerli bir kaynak
olmasini umuyoruz. ileride deney hayvanlariyla yapilan
caligmalarda  karsilasilan  zorluklarm  iistesinden
gelinmesine, yeni yontemlerin gelistirilmesine ve deney
hayvanlarmin refahinin daha iyi korunmasima katki
saglayacagina inantyoruz.

Deneysel arastirmalarin biyolojik siireglerdeki 6neminin
artmastyla birlikte, alaninda calisan arastirmacilart bir
araya getirerek bir yol haritasi olusturma ihtiyaci
dogmustur. Bize bu yolda 6zel sayimizin her agamasinda
verdikleri destek i¢in Diizce Universitesi Rektorii Prof. Dr.
Nedim SOZBIR hocamiza ve Diizce Universitesi Rektor
Yardimcisi ve Tip Fakiiltesi Dekan1 Prof. Dr. Serkan
TORUN hocamiza tesekkiirlerimizi sunariz. Ayrica, bir
harften yola ¢ikip tiim eserleri bulusturan hi¢ yorulmadan
yilksek motivasyonu ile tiim siiregleri  birlikte
yiriittiiglimiiz Diizce Tip Fakiiltesi Dergisi Bas Editorii
Dog. Dr. Mehmet Ali SUNGUR hocamiza tesekkiir
ediyoruz. Dergi sayimizin sekillenmesinde farkli
alanlardaki bakis acilartyla in vivo temelinde birlestiren
degerli bilim insanlarina, katki veren yazarlarimizin
eserlerini degerli yorumlariyla olgunlastiran
hakemlerimize ve emek veren tiim meslektaslarimiza
igtenlikle tesekkiirlerimizi arz ederiz.

Saygilarimizla,

Pmnar YILDIZ GULHAN, MD,
Associated Professor of Chest Diseases

Merve ALPAY, PhD,
Associated Professor of Medical Biochemistry
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ABSTRACT

When doing scientific research including animal experiments, it is crucial to prioritize ethical
issues due to the many moral, legal, and scientific aspects involved. This study provides an in-
depth analysis of the core ethical concepts and regulations that govern experimental
investigations using animals. The 3R principle (replacement, reduction, refinement), which
prioritizes the ethical treatment of animals especially in scientific research, is emphasized.
Tracing the historical development of ethical rules sheds light on the important events that
shaped the creation of important principles. The review examines the complex relationship
between scientific investigation and ethical concerns, focusing on the idea of informed consent
in relation to animal care. Also, this explores the ethical dilemmas that arise from experimental
techniques and sheds light on how researchers ensure the well-being of the animals involved.
The crucial importance of an ethical committee is emphasized in guaranteeing strict ethical
standards. The examination of ethical concerns related to certain animal models, and analysis
of differing perspectives among the scientific community is done. At the same time, it
examines the latest developments in experimental animal research, providing insight into the
future of ethical issues in this ever-evolving area. To summarize, this review not only
synthesizes the main discoveries and ethical concerns in experimental animal studies but also
highlights potential future paths. It supports the idea of continuing to balance scientific
progress in the field of experimental animal studies with ethical obligations by suggesting
additional areas of research and ethical review.

Keywords: Animal experimentation; ethics; replacement; reduction; refinement.
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Hayvan deneyleri de dahil olmak tizere bilimsel arastirma yaparken, bir¢ok ahlaki, hukuki ve
bilimsel yon nedeniyle etik konulara 6ncelik vermek ¢ok onemlidir. Bu ¢alisma, hayvanlar
kullanilarak yapilan deneysel arastirmalar1 yoneten temel etik kavramlarin ve diizenlemelerin
derinlemesine bir analizini sunmaktadir. Ozellikle bilimsel arastirmalarda hayvanlara etik
muameleye oncelik veren 3R ilkesi (yer degistirme, azaltma, iyilestirme) vurgulanmaktadir.
Etik kurallarm tarihsel gelisiminin izini siirerek 6énemli ilkelerin olusumunu sekillendiren
onemli olaylara 151k tutmaktadir. Bu derleme, hayvan bakimiyla ilgili bilgilendirilmis onam
fikrine odaklanarak bilimsel arastirma ile etik kaygilar arasindaki karmasik iliskiyi
incelemektedir. Ayrica, deneysel tekniklerden kaynaklanan etik ikilemleri arastirarak ve
aragtirmacilarin ilgili hayvanlarin refahin1 nasil sagladiklarina 1sik tutulmaktadir. Etik
kurullarin, kati etik standartlarin garanti edilmesindeki hayati 6nemi vurgulanmaktadir. Belirli
hayvan modelleriyle ilgili etik kaygilari inceleyerek bilim camiasindaki farkli bakis agilarimi
analiz etmektedir. Ayn1 zamanda, deneysel hayvan arastirmalarindaki en son gelismeleri
inceleyerek stirekli gelisen bu alandaki etik konularin gelecegine dair fikir verilmektedir..
Ozetlemek gerekirse, bu derleme yalnizca deneysel hayvan calismalarindaki ana kesifleri ve
etik kaygilart sentezlemekle kalmamakta, ayn1 zamanda gelecekteki potansiyel yollari da
vurgulamaktadir. Ek arastirma ve etik inceleme alanlar1 6nererek, deneysel hayvan ¢aligmalari
alanindaki bilimsel ilerlemeyi etik yiikiimliliklerle dengelemeye devam etme fikrini
desteklemektedir.

Anahtar kelimeler: Hayvan deneyleri; etik; yer degistirme; azaltma; iyilestirme.
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INTRODUCTION

The Significance of Experimental Animal Studies in
Scientific Research

Experimental animal research is crucial for improving
scientific understanding and achieving medicinal
advances. These investigations are crucial instruments for
researchers who aim to comprehend biological processes,
experiment with theories, and formulate novel therapies.
Animal models serve as a bridge between basic research
and therapeutic applications, enabling scientists to study
intricate processes in living species before applying the
findings to human situations. The utilization of
experimental animals provides distinct benefits, allowing
researchers to change variables, regulate surroundings, and
examine physiological reactions in manners that are
frequently impracticable or immoral in experiments
involving humans (1). Experimental animal research plays
a crucial role in advancing medical knowledge, providing
significant insights into the genetic causes of illnesses, and
evaluating the safety and effectiveness of proposed
treatments (1,2). While recognizing the valuable
contributions of animal research to scientific progress, it is
imperative to also address the ethical implications
involved with these experiments. Maintaining a careful
equilibrium between scientific investigation and ethical
duty is a constant difficulty, leading to continual debates
on improving research methods and adopting other
techniques. This study explores the ethical principles and
regulations that govern experimental animal studies,
acknowledging their importance in scientific exploration
and the necessity of maintaining ethical standards in the
quest for knowledge.

The Ethical Dilemmas Associated With Using Animals
in Research

The use of animals in scientific study is accompanied by
several ethical difficulties, which provoke extensive
debates among scientists and the wider population (4). The
core of these conflicts is the conflict between the
indisputable scientific advantages gained from animal
research and the moral need to protect the welfare of live
creatures. An important ethical problem arises from the
inherent worth of animal lives. Animals employed in
research, being aware beings capable of experiencing pain
and discomfort, give rise to ethical concerns regarding the
moral grounds for their involvement in studies (4). Finding
a middle ground between expanding scientific
understanding and acknowledging the intrinsic worth of
animal life may be a tricky balancing act (2,3,5). Another
ethical quandary emerges due to the possible anguish
animals may experience during experimental operations.
The ethical ramifications of causing discomfort or agony
for research reasons are substantial, ranging from invasive
operations to exposure to potentially toxic drugs (3,5).
Researchers have the challenge of balancing the need to
prevent harm with the goal of attaining scientific
objectives, which leads to an ongoing search for improved
procedures and alternatives. When doing ethical research
with people, obtaining informed permission is essential.
However, applying this principle becomes more complex
when dealing with animals. Due to the fact that animals are
unable to provide explicit agreement, it is crucial to
carefully examine their well-being. Researchers must
traverse the ethical landscape of assuring the
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compassionate care of animals, while also addressing
problems of autonomy and ethical accountability (5,6).
Furthermore, the choice of animal models in itself poses
an intricate ethical quandary. Selecting species that
accurately reflect human physiology and illness, while also
recognizing the distinct characteristics of each species,
necessitates a conscientious and ethical approach (2,4,6).
The inclusion of species-specific responses and the
applicability of findings to human situations introduce
additional ethical intricacies to the selection process. It is
important to recognize the changing ethical issues in
experimental animal studies as we deal with these moral
difficulties. Researchers, ethicists, and regulatory agencies
work together to create recommendations that aim to tackle
these problems while promoting scientific progress (3,5).
This study examines the ethical principles and regulations
that govern experimental animal experiments, aiming to
clarify the intricate relationship between scientific
advancement and ethical accountability.

The Purpose and Scope of the Review

This paper aims to thoroughly examine the ethical
complexities inherent in experimental animal studies
within the field of scientific inquiry. The study seeks to
provide a comprehensive summary of the historical
progression, fundamental ethical principles, and
developing patterns in this important field by combining
current knowledge. Our primary focus is to analyze ethical
concerns related to the utilization of animals in scientific
research. This encompasses a thorough examination of
issues pertaining to the well-being of animals,
deliberations on obtaining informed permission, and the
ethical rationales for their involvement in research. The
review aims to offer valuable insights into the ethical
aspects that come with scientific advancement through
these research. Additionally, this research aims to assess
the efficacy of oversight systems, namely the function of
ethical committees, in guaranteeing compliance with
ethical norms and guidelines in experimental animal
experiments. The review explores current discussions and
disagreements among scientists, contributing to a thorough
understanding of the ethical issues related to certain animal
models and experimental methods. This review has a wide
range, encompassing several aspects of the ethical
environment in experimental animal experiments. The
review starts by examining the historical backdrop,
delving into the origins and development of ethical norms.
This establishes a solid foundation for a comprehensive
understanding of the ethical framework that governs such
investigations. A substantial part of the paper is focused on
analyzing the three core ethical concepts of replacement,
reduction, and refinement. This analysis seeks to clarify
the use of these principles in order to reduce the impact on
animals, highlighting the changing tactics used by
researchers to maintain ethical standards. The issues of
informed consent and animal welfare are of utmost
importance within the context. The paper examines the

ethical ramifications associated with the notion of
informed consent in the realm of animal welfare,
highlighting  the  researcher's duty to provide

compassionate care during trials. The scope includes the
assessment of supervision and compliance methods,
providing insight into the procedures carried out by
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committees to authorize and supervise animal
experiments. The study also includes discussions on
current debates and new trends in ethical concerns. This
recognizes the ever-changing ethical duties in the field of
experimental animal studies. The review seeks to make a
relevant contribution to the continuing discussion about
the ethical implications of experimental animal studies by
addressing several complex factors. It aspires to provide
helpful insights for researchers, ethicists, and
policymakers.

HISTORICAL CONTEXT OF ETHICAL GUIDELINES
The Historical Development of Ethical Guidelines for
Experimental Animal Studies

The ethical concerns pertaining to experimental animal
experiments have experienced a substantial evolution
throughout history. The development of ethical principles
in this field demonstrates a deliberate attempt to reconcile
the quest for scientific knowledge with the ethical handling
of animals used in research. Centuries ago, there were
documented cases of doing scientific experiments on
animals without taking ethical issues into account (7).
Nevertheless, with the growth of the scientific community
and increased social consciousness about animal care,
ethical issues started to arise. An important milestone in
the historical progression of ethical norms occurred in
1959 with the release of William Russell and Rex Burch's
influential paper, "The Principles of Humane Experimental
Technique™ (7). This revolutionary publication proposed
the "3 Rs" - Replacement, Reduction, and Refinement - as
fundamental principles for doing ethical research using
animals. The principles promote the exploration of
alternative ways to replace animal testing and lower the
overall number of animals involved. They also emphasize
the improvement of experimental procedures to minimize
possible harm and enhance animal welfare (7). During the
latter part of the 20™ century, there was a significant
increase in worldwide recognition of ethical concerns
associated with animal research (7,10). The usage of
animals in scientific research has led to the emergence of
ethical principles and laws, prompting nations and
institutions to build frameworks to control this practice.
The National Institutes of Health (NIH) and the European
Union, among other prominent institutions, have
formulated recommendations that underscore the
significance of ethical issues in experimental protocols (9).
The release of the "Guide for the Care and Use of
Laboratory Animals” by the Institute for Laboratory
Animal Research (ILAR) in 1963, along with later
updates, emphasized the need for ethical standards. This
guide has since become a fundamental text, influencing the
moral framework of experimental animal studies by
offering extensive rules for the proper care, utilization, and
ethical treatment of animals in study (10). Over the past
few decades, there has been an increasing focus on the
importance of openness, accountability, and public
involvement in conversations on the ethical aspects of
animal research (7-10). The progress in technology and
scientific approaches has prompted a renewed emphasis on
seeking alternatives to animal utilization whenever
feasible (4). As we examine the historical progression of
ethical principles in experimental animal research, it
becomes clear that ethical issues have shifted from being a
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secondary concern to being a fundamental principle of
competent scientific investigation. The continuous
dedication to improving ethical standards demonstrates a
shared recognition of the moral responsibility to responsibly
care for animals while pushing the boundaries of knowledge
via research (8). Having a historical background is
essential for comprehending the ethical norms that govern
modern experimental animal investigation.

Landmark Events or Studies That Prompted the
Establishment of Ethical Principles

The development of ethical norms in animal studies has
been shaped by significant events and studies that have
provided insight into the treatment of animals in scientific
studies. The ethical concerns surrounding the use of
animals in research have received considerable attention,
resulting in the creation of standards and principles
designed to ensure compassionate care and reduce
unnecessary pain. Below are many significant milestones
in the discourse around ethical concerns in animal studies.
The Cruelty to Animals Act (1876): This was an early
piece of law in the United Kingdom that aimed to regulate
the treatment of animals used in studies (11). The objective
was to prevent the avoidable distress of animals and
mandate a permit for conducting experiments. Although
considered basic by contemporary criteria, it was a major
milestone in acknowledging the moral ramifications of
animal experimentation.

"The Principles of Humane Experimental Technique™
by William Russell and Rex Burch (1959): This landmark
paper presented the ideas of "Replacement, Reduction, and
Refinement" as ethical guidelines for doing animal
research. The text highlights the significance of seeking
substitutes for animal utilization, decreasing the number of
animals employed, and improving experimental
techniques to minimize possible damage (12).

The Guide for the Care and Use of Laboratory Animals
(1963, undergone updates): This handbook, created by
the ILAR, offers thorough suggestions for the ethical
treatment and use of laboratory animals (13). It gained
widespread recognition as a valuable resource for
organizations and academics engaged in animal studies.
The Declaration of Helsinki (1964, revised in 1975 and
2008): Although its main focus is on human research, the
Declaration of Helsinki has also had an impact on ethical
issues in animal experiments. The principles of
international ethical guidelines for medical research
involving human participants have been taken into account
in discussions addressing the ethical treatment of animals
in medical and scientific investigations (14).

The Animal Welfare Act (1966): The Animal Welfare Act
in the United States was a key legal measure that
established guidelines for the compassionate treatment of
animals employed in research, exhibition, and commerce.
The implementation of the Institutional Animal Care and Use
Committee (IACUC) was required to supervise and assess
the ethical components of animal research methods (15).
The Phenomenon of Public Outcry and Animal Welfare
Activism: Multiple instances of animal cruelty and public
awareness initiatives resulted in heightened examination
of animal research protocols. Notable instances, like the
Silver Spring monkeys in the 1980s, sparked debates on
the moral handling of animals in scientific studies and the
necessity for openness.
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Ethical Guidelines in the United States (1985): The
IACUC in the United States was created in accordance
with the Animal Welfare Act. The IACUC is tasked with
ensuring that research institutes and facilities adhere to
ethical principles for the treatment and use of animals in
research, experimentation, and teaching (16).

Guiding Principles for the Care and Use of Animals
(2011): This document is a set of principles that provide
guidance on how to properly care for and use animals.
Several institutions, including the NIH in the United States
and the European Union, have created extensive protocols
for the ethical implementation of animal research (17). The
recommendations provide criteria for housing, care, and
experimental methods to guarantee the welfare of animals
participating in scientific research (17).

The Progress of Alternatives and Technology:
Technological advancements, including the creation of in
vitro models, computer simulations, and other alternative
approaches, have offered researchers alternate options for
employing animals in certain investigations (18). This has
facilitated the improvement of ethical principles,
advocating for the utilization of alternatives whenever
feasible. These events and developments, along with
others, have together shaped the creation and progression
of ethical norms in experimental animal experiments (18).
These actions demonstrate an increasing recognition of the
moral obligations linked to utilizing animals in research
and a continuous dedication to reducing harm and
safeguarding the welfare of animals participated in
scientific inquiries.

KEY ETHICAL PRINCIPLES

Within the field of scientific investigation, the ethical
treatment of animals used in experiments is of utmost
importance (19). This not only reflects our moral
responsibilities but also ensures the integrity of the study.
The core of this discussion revolves around a group of
fundamental ethical principles that act as guiding
principles in the planning, execution, and supervision of
animal experiments (20). The ethics of compassion,
respect for life, and scientific rigor serve as the basis for
researchers as they traverse the intricate landscape of
testing. It is crucial to comprehend and uphold these
principles in order to build trust, maintain credibility, and
promote progress in both knowledge and ethical standards
in the field of experimental animal studies. This includes
taking into account animal welfare and pursuing scientific
advancement responsibly.

Principle of Replacement

The principle of replacement is a fundamental principle in
ethical standards for scientific research using animals (19).
It promotes the use of alternative methods that can
replace or minimize the necessity for animal testing,
wherever possible. This philosophy acknowledges the
inherent worth and well-being of animals and strives to
reduce their utilization in scientific research by pursuing
alternative methodologies that can accomplish scientific
goals without subjecting animals to experimental
procedures (18-21). An essential approach to adopting the
principle of replacement is the creation and application of
alternative methodologies, such as in vitro models, computer
simulations, and non-animal testing approaches (22).
These techniques present feasible substitutes for
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conventional animal testing and can give an important
understanding of biological processes, medication
reactions, and disease causes without the necessity of using
animals as test subjects. For instance, researchers can
utilize cell cultures, organoids, and tissue engineering
techniques to investigate intricate biological systems
within a regulated setting (21,22). Similarly, computer
simulations and mathematical models can accurately
replicate physiological processes and forecast results with
surprising precision (22). Moreover, the principle of
replacement urges researchers to investigate novel
methods that utilize advancements in technology and
technique in order to decrease dependence on animal
models. For example, employing cells and tissues obtained
from humans, microfluidic devices, and bioinformatics
tools can yield more pertinent and applicable data in
comparison to conventional animal models (18-22). This
enhances the scientific accuracy and ethical soundness of
research projects. The principle of replacement is
effectively implemented through collaboration and
knowledge-sharing among members of the scientific
community. Through the collaborative sharing of
resources, data, and knowledge, researchers may expedite
the progress and acceptance of alternative methodologies,
assist the validation and standardization efforts, and
encourage the general adoption of ethical and sustainable
research practices. The principle of replacement
demonstrates a dedication to ethical management,
advancement in science, and responsible development in
research (21,22). Researchers may respect ethical
standards, improve animal care, and progress knowledge
by adopting alternative methods and minimizing
dependence on animal testing. This approach ensures
scientific rigor and ethical integrity.

The Importance of Finding Alternative Methods to
Replace Animal Use

It has the ability to optimize research procedures, decrease
the amount of time and money needed for investigations,
and alleviate issues regarding animal welfare rules and
public scrutiny. Furthermore, giving priority to different
methodologies improves the credibility and reliability of
scientific research (23,24). Demonstrating a dedication to
scientific integrity, openness, and accountability, enhances
public trust in the scientific community and its efforts.
Overall, the pursuit of alternative approaches to substitute
animal utilization is not only a moral obligation but also a
driving force for scientific advancement, effectiveness,
and  trustworthiness. By  adopting  alternative
methodologies, researchers may enhance their
understanding, advocate for ethical research protocols, and
ultimately contribute to the improvement of both human
and animal well-being (24).

Highlight Advancements in Technology and Other
Methodologies

The progress in technology and other strategies has greatly
increased the range of alternative ways accessible to
researchers, providing inventive alternatives that can
efficiently substitute or decrease the requirement for animal
experiments. A significant progress may be observed in the
domain of computational modeling and simulation.
Scientists may use high-performance computing and
advanced software algorithms to develop complex models
of biological systems, accurately predicting the behavior
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of molecules, cells, and organisms (25). These models
allow researchers to replicate intricate physiological
processes, medication interactions, and disease mechanisms,
offering vital insights without the necessity of animal
experiments (25). Advancements in in vitro methods have
transformed biomedical research by providing meticulously
controlled experimental settings that replicate some
elements of human physiology. Organ-on-a-chip
technologies mimic the shape and function of human
organs in small devices that control the flow of fluids (26).
This enables researchers to investigate drug reactions,
toxicity, and disease mechanisms in an environment that
closely resembles the human body (26). Compared to
traditional animal models, these systems have benefits in
terms of scalability, repeatability, and ethical issues. In
addition, advancements in molecular and cellular biology
have resulted in the creation of new procedures, including
gene editing tools such as CRISPR-Cas9, stem cell
technologies, and tissue engineering approaches (27,28).
These techniques enable researchers to modify genes,
construct tissues, and produce organoids that closely
match the architecture and function of humans. Through
the utilization of these methodologies, scientists are able
to explore disease processes, evaluate therapeutic treatments,
and examine biological phenomena with unparalleled
accuracy and specificity. Furthermore, improvements in
imaging technology have augmented our capacity to see
and examine biological processes in real time and with
great precision. Methods such as magnetic resonance
imaging (MRI), positron emission tomography (PET), and
multiphoton microscopy allow researchers to monitor
cellular dynamics, tissue shape, and physiological changes
in living creatures without causing harm or damage (29).
These imaging techniques provide valuable options
instead of intrusive treatments and make it easier to conduct
long-term investigations, hence minimizing the necessity
for animal trials that result in the animal's death (29,30). In
summary, the combination of technological advancements
and scientific creativity has driven the progress of
alternative approaches that not only substitute animal
experimentation but also provide clear benefits in terms of
precision, applicability, and ethical concerns (23). By
adopting these technological innovations, researchers may
enhance their understanding, expedite the process of drug
discovery, and advocate for ethical and conscientious
research methodologies.

Principle of Reduction

The principle of reduction is a crucial ethical principle in
scientific research that pertains to animals. It highlights the
need of limiting the number of animals utilized in tests,
while yet attaining substantial scientific results (19). This
concept recognizes that although certain experimentation
may be required to further knowledge and solve significant
scientific inquiries, it is crucial to strive towards limiting
the total number of animals engaged in order to minimize
possible harm and maximize efficiency (19,20). An
effective approach to using the principle of reduction
entails meticulous experimental design and rigorous
statistical analysis. By utilizing rigorous statistical
techniques and experimental designs, researchers may
guarantee that investigations have sufficient statistical
power to identify significant effects with the most minimal
sample size (31). These methods, such as factorial designs,
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randomization, and stratification, are used to enhance the
effectiveness of studies and minimize the requirement for
a large number of animals. In addition, researchers might
employ methodologies such as longitudinal studies, which
include gathering data from the same animals over a period
of time, in order to minimize the number of animals
required for research purposes (31). Longitudinal studies
enable researchers to collect various measures from
individual animals, offering vital insights into
developmental processes, illness progression, and therapy
effects without requiring new subjects. The principle of
reduction is  effectively  implemented through
collaboration and data exchange among members of the
scientific community (32). Researchers can prevent
redundant experiments and enhance their own study by
exchanging data and resources, thereby using existing
datasets. This not only lowers the overall quantity of
animals required for experiments but also fosters
transparency, efficacy, and cooperation among the
scientific ~ community  (38).  Technological and
methodological advancements provide further possibilities
for decreasing the use of animals in research. For instance,
the advancement of in vitro models, computer simulations,
and non-invasive imaging tools enables researchers to
investigate biological processes and disease pathways
without relying on animal trials. These alternative
strategies provide benefits in terms of effectiveness,
scalability, and ethical concerns, further reinforcing the
objectives of the principle of reduction (4,18,23). To
summarize, the principle of reduction emphasizes the
ethical need to decrease the utilization of animals in
scientific research while yet attaining significant scientific
results. Researchers may respect ethical standards,
enhance animal welfare, and progress knowledge in a
responsible and sustainable manner by using tactics such
as meticulous experimental design, teamwork, and the
utilization of alternative methodologies.

Strategies to Minimize the Number of Animals Used in
Experiments

Researchers utilize many ways to limit the number of
animals utilized in studies while still generating
dependable and significant data. Scientists continuously
improve experimental procedures to enhance efficiency
and reduce unpredictability (32). This encompasses the
process of establishing uniform processes, strengthening
the methods used to gather data, and increasing the
accuracy of measurements, thereby minimizing the
necessity for doing experiments many times (20,31). By
employing strong statistical approaches, researchers may
plan trials with suitable sample sizes, guaranteeing enough
statistical power to identify significant effects. Through
meticulous experimental design and rigorous data
analysis, researchers can reduce the number of animals
needed while still obtaining statistically meaningful
findings. Carefully planned experimental design is
essential for reducing the number of animals used in
research. By utilizing methods like as factorial designs,
randomized controlled trials, and cross-over studies,
researchers are able to optimize the amount of data
obtained from each animal while lowering the overall
number of animals required. Collaborative endeavors to
exchange and repurpose data and resources across
scientists can decrease duplication and eliminate the
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necessity for further research. Researchers can utilize
preexisting databases and research outcomes to inform
their own investigations, so eliminating redundant
experimentation (18). Researchers prioritize the use of
non-invasive approaches wherever feasible to collect data.
Non-invasive imaging techniques, behavioral evaluations,
and remote monitoring technologies allow researchers to
investigate physiological processes and behaviors in
animals without using intrusive methods (18,19). This
approach reduces the necessity for euthanasia and
minimizes animal discomfort. Embracing alternative
approaches, such as in vitro models, computer simulations,
and tissue engineering, provides feasible alternatives to
conventional animal experiments. By employing these
techniques, researchers can investigate study inquiries
with a reduced or nonexistent number of animal subjects,
so avoiding animal use while still progressing in scientific
understanding (33). Conducting longitudinal studies
enables researchers to collect many measurements over
time from the same animals, hence minimizing the
requirement for new volunteers. Moreover, advocating for
the adoption of data-sharing procedures fosters
transparency and collaboration among scientists, so
enabling the more effective utilization of animal resources.
By implementing these strategies and embracing a culture
of responsible research practices, researchers can
minimize the number of animals used in experiments while
upholding scientific rigor and ethical standards.
Examples of Successful Reduction Practices
Longitudinal studies involve researchers in domains like
psychology and neuroscience who observe and monitor
the same group of animals for a prolonged duration.
Researchers can minimize the number of animals required
for their studies by gathering data from the same patients
over several time intervals (34). This approach allows
them to get vital knowledge on developmental processes,
illness progression, and treatment effectiveness. In preclinical
studies focusing on surgical operations, the improvement
of surgical methods has resulted in substantial decreases in
the number of animals used (34). Researchers have created
less invasive surgical techniques and improved anesthetic
methods to decrease post-operative pain and discomfort.
This has resulted in more effective surgeries with better
recovery results and lower fatality rates.

Cell culture and in vitro models are widely used in
biomedical research as substitutes for animal testing.
Cell-based assays, organoids, and tissue engineering
techniques enable researchers to investigate biological
processes, medication responses, and disease causes in a
controlled setting (35). This reduces the need for animal
models and provides pertinent and applicable data.
Computer modeling and simulation have become effective
methods for minimizing the necessity of animal
experimentation in areas such as pharmacology, toxicology,
and biomechanics (25). Scientists employ computer
simulations to forecast drug interactions, evaluate toxicity,
and replicate physiological processes, allowing them to
choose potential therapeutic candidates for additional
testing and minimize the need for animals in preclinical
investigations. The area of biomedical research has been
transformed by the progress made in non-invasive imaging
methods, including MRI, PET, and ultrasound (29). These
techniques enable researchers to observe anatomical
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features, track the development of diseases, and evaluate
the effectiveness of treatments in living animals without
the need for intrusive surgeries or death. This reduces
animal pain and minimizes the number of animals required
in studies. By integrating these reduction strategies into
their research procedures, scientists may accomplish their
scientific goals while limiting the utilization of animals,
advocating for ethical research practices, and propelling
the advancement of alternative approaches.

Principle of Refinement

The principle of refinement encompasses the moral duty to
consistently improve experimental techniques and housing
circumstances in order to promote the well-being of
animals and reduce their suffering (36). This principle
recognizes that although a certain amount of testing may
be required for scientific advancement, it is crucial to
minimize the pain and discomfort that animals may endure
throughout the process (18-21,36). Refinement strategies
refer to a diverse set of methods that try to optimize the
care, management, and experimental procedures for
laboratory animals in order to enhance their well-being. An
essential component of refinement is the creation and
execution of enrichment programs aimed at improving the
overall physical and psychological well of animals.
Enrichment activities encompass facilitating social contact,
stimulating the environment, and promoting species-specific
behaviors like nesting or foraging. Enhancing the living
habitat of laboratory animals can diminish stress, ease
monotony, and enhance general well-being, consequently
augmenting the quality of data acquired from trials.
Moreover,  refining  standards  prioritizes  the
implementation of humane endpoints and minimally
intrusive strategies to mitigate pain and discomfort
experienced during experimental operations. Scientists
diligently observe animals for indications of pain or
discomfort and take action when needed to ease their
distress. Furthermore, advancements in anesthetic,
analgesia, and surgical methods allow researchers to
conduct surgeries with enhanced accuracy and reduce
postoperative discomfort, thereby assuring that animals
endure less injury. Another crucial element of refining
entails optimizing experimental techniques to minimize
the number of animals used for research projects.
Scientists utilize statistical methodologies, experimental
design strategies, and efforts to share data in order to
optimize the knowledge obtained from each animal while
lowering the total number of animals needed. Through
meticulous experimental design and meticulous data
analysis, researchers can attain scientific goals while
minimizing the number of animals used, therefore
diminishing the total impact on animal welfare.
Essentially, the principle of refinement emphasizes the
significance of consistently enhancing and refining
research methods to reduce the distress experienced by
laboratory animals. By using refining procedures,
researchers exhibit a dedication to ethical behavior,
advance the welfare of animals in their custody, and
improve the caliber and reliability of scientific research.
Efforts to Improve the Welfare of Animals during
Experimentation

Efforts to enhance the welfare of animals during experiments
are diverse, involving several approaches that seek to
reduce stress, pain, and suffering while enhancing their
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general state of being (37). These endeavors demonstrate
a dedication to upholding ethical standards, ensuring
compassionate care, and practicing appropriate research
methods in scientific investigations that include animals.
One primary method for enhancing animal well-being
during experiments is the adoption of refining procedures.
Refinement refers to a range of methods used to improve
experimental techniques, housing conditions, and care
protocols in order to reduce suffering and improve the
well-being of laboratory animals (38). This may involve
creating stimulating surroundings that encourage natural
behaviors, adjusting living conditions to assure comfort
and social interaction, and employing humane endpoints
and minimally invasive approaches to minimize pain and
suffering during experimental operations. Moreover,
progress in veterinary care and anesthetic techniques has
played a crucial role in achieving notable enhancements in
animal welfare during the process of experimentation (37).
Researchers collaborate closely with veterinary practitioners
to create customized care plans and pain management
techniques that prioritize the health and well-being of
animals during the whole course of research. This may
entail the use of analgesics, anesthetics, and post-operative
care protocols to mitigate pain and suffering linked to
surgical operations and other treatments. Collaboration
and knowledge-sharing among scientists are essential for
enhancing animal care in experimental research. Scientists
cooperate to provide optimal methods, standardized
protocols, and standards for the ethical care of animals in
research environments. This encompasses the exchange of
resources, data, and knowledge to promote the use of
improved methodology, alternative techniques, and new
approaches that emphasize the well-being of animals while
still accomplishing scientific goals (18). In research
settings, regulatory supervision and institutional oversight
committees have a crucial role in ensuring the protection
of animal welfare. Ethical committees are responsible for
evaluating research procedures, examining the ethical and
scientific rationale for animal experimentation, and
ensuring adherence to applicable rules and standards (16).
These regulatory agencies play a vital role in overseeing
and assessing the well-being of animals involved in
research, as well as fostering ethical behavior among
researchers. Efforts to enhance the well-being of animals
during experiments are driven by a dedication to ethical
behavior, scientific thoroughness, and empathetic
treatment. Researchers may mitigate the effects on animal
welfare, advance knowledge, and promote ethical research
procedures by employing refining tactics, cooperating
with veterinary specialists, sharing information and
resources, and adhering to regulatory monitoring (37,38).
Highlight Studies that have Implemented Refinement
Strategies

A published study utilized advanced surgical procedures
to decrease pain and misery in rats undergoing stereotaxic
surgery for neural implantation (39). The researchers
enhanced anesthetic methods, utilized precise surgical
techniques, and delivered post-operative care to minimize
pain and guarantee the welfare of the animals during the
experimental process (39). Enrichment programs were
created by researchers studying monkey behavior to
encourage natural behaviors and improve the welfare of
the animals (40). Another research included environmental
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enrichment strategies such as introducing new toys,
creating chances for foraging, and promoting social
interaction. These measures were aimed at reducing stress
and enhancing the psychological well-being of the lorises
while they were in captivity (41). The utilization of in vitro
models as substitutes for animal testing in toxicity research
was investigated in a paper published (42). The scientists
created a liver microtissue model in three dimensions
using cells obtained from humans. This model was used to
evaluate the way drugs are processed and their potential
harm, showing that it is possible to replace animal trials
with in vitro methods that are more ethical and
scientifically appropriate.

Another study emphasized the need for collaborative
efforts in the scientific community to share resources and
data (43). The aim is to prevent redundant experiments and
decrease the use of animals in research. The study
facilitated efficiency, transparency, and responsible
resource usage in neuroscience research by exchanging
genetically modified mouse lines, research tools, and data
repositories. These examples demonstrate how researchers
from several disciplines have employed refining tactics to
enhance the well-being of animals during experiments.
Researchers may reduce the impact on animals and
achieve scientific aims by giving priority to animal
welfare, using improved procedures, and collaborating to
share resources and expertise.

INFORMED CONSENT AND ANIMAL WELFARE
Within the field of animal studies, the notion of informed
consent assumes a distinct nature when compared to
research involving people, owing to the inherent
disparities in cognitive capacities and communication
between humans and animals. Although animals are
unable to give informed permission in the same manner as
people, ethical concerns surrounding their well-being and
care remain of utmost importance. Researchers adhere to
ethical principles and animal welfare guidelines to ensure
that animals participate in experiments willingly, with the
least intrusion, and with the greatest regard for their
wellbeing, rather than seeking express agreement from
them (45). This approach is based on the acknowledgment
of animals who are entitled to ethical consideration and
safeguarding against avoidable harm. The utilization of
animals in research is regulated by ethical rules and
regulations that prioritize the concepts of reduction,
refinement, and replacement. These principles aim to reduce
harm and enhance animal welfare. Ethical committees
have a vital function in evaluating research procedures,
evaluating the scientific and ethical reasons for animal use,
and ensuring that studies are carried out in compliance
with applicable laws and guidelines (44,45). Scientists
utilize many methodologies to ensure the well-being of
animals and reduce any potential harm throughout the
process of conducting experiments. This involves applying
techniques to improve the quality of care, such as
introducing enrichment programs to encourage natural
behaviors, ensuring suitable housing and husbandry
settings, and utilizing anesthetics and analgesics to reduce
pain and discomfort during experimental operations (45).
In addition, researchers are increasingly acknowledging
the significance of transparency and communication in
relation to their study methodologies and results (49).
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Researchers may promote confidence and responsibility in
the scientific community and prioritize animal welfare in
research procedures by providing precise information
about their techniques, results, and any potential negative
impacts or limits of their investigations. Although animals
are unable to give informed permission in the same manner
as people, it is the responsibility of researchers to prioritize
their well-being and reduce their distress in study
environments. Researchers may maintain principles of
animal care and guarantee that research is performed in a
scientifically rigorous and morally acceptable way by
following ethical guidelines, employing refining tactics,
and fostering transparency and communication (3,5,16).
How Researchers Ensure the Well-Being of Animals
during Experiments

Scientists utilize a range of tactics to guarantee the welfare
of animals during studies, prioritizing ethical concerns,
compassionate care, and the goals of reducing, refining,
and replacing animal use:

Optimized Housing and Husbandry: Animals are given
housing circumstances that are specifically designed to
meet their species-specific requirements, which include
adequate space, environmental enrichment, and availability
of food and water (46). Researchers guarantee that housing
facilities are hygienic, properly cared for, and devoid of
environmental factors that cause stress in order to enhance
the physical and psychological welfare of animals.
Minimization of Stress and Discomfort: Researchers
utilize refining tactics to decrease stress and pain in
animals during experiments, aiming to reduce their
negative experiences. This may entail familiarizing
animals with experimental methods through habituation
and training, employing positive reinforcement
approaches to alleviate anxiety, and reducing handling and
constraint to prevent undue stress (47).

Implementation of Enrichment Programs: Enrichment
programs are put into action with the aim of fostering
innate behaviors and providing cognitive stimulation for
laboratory animals. This may include providing toys,
environmental enrichment devices, and social housing to
enhance the quality of life and prevent boredom and
stereotypic behaviors in animals housed in captivity (41).
Use of Minimally Invasive Techniques: Researchers utilize
minimally invasive techniques and procedures to reduce pain
and distress in animals during experimentation (18,19,29).
This may involve the use of anesthesia and analgesia to
alleviate pain, sedation to minimize anxiety, and
minimally invasive surgical techniques to reduce tissue
trauma and facilitate recovery.

Regular Monitoring and Health Checks: Continuous
monitoring and health assessments are conducted on
animals during the whole length of trials to evaluate their
physical condition and overall welfare (48). Researchers
do regular health assessments, track the consumption of
food and drink, and study behavioral signs of stress or
illness to promptly identify and address any potential
health problems.

Adherence to Ethical Guidelines and Regulations:
Researchers comply with ethical norms and laws that
control the utilization of animals in research, in order to
guarantee the compassionate care and well-being of
animals. Ethical committees evaluate research procedures,
analyze the scientific and ethical reasons for animal
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utilization, and guarantee that studies are carried out in
compliance with applicable laws and norms (16).
Transparency and Reporting: Researchers uphold
transparency and accountability by precisely documenting
their methodologies, findings, and any possible
detrimental consequences or constraints of their
investigations (49). Through the act of sharing data and
findings with the scientific community, researchers enable
the process of peer review, replication, and validation of
study findings. This ensures that animal welfare issues
continue to be a primary focus in research procedures.

In order to guarantee the welfare of animals during studies,
it is necessary to use a holistic strategy that gives priority
to ethical concerns, humane treatment, and the adoption of
refining tactics aimed at reducing harm and promoting
animal welfare. By embracing these concepts and
implementing these procedures, researchers may maintain
ethical standards, advocate for the conscientious
utilization of animals in research, and progress scientific
understanding in a way that is both scientifically rigorous
and morally sound.

Challenges and Ongoing Debates Regarding Animal
Consent and Welfare

The challenges and ongoing arguments around animal
consent and welfare in research settings are a result of
many ethical, scientific, and societal factors. An obstacle
arises when attempting to analyze animal behavior and
evaluate their well-being in research environments.
Although researchers make efforts to reduce stress and
pain, precisely assessing an animal’s subjective experience
and well-being can be challenging. Controversies emerge
over the sufficiency of existing techniques for evaluating
animal welfare and the necessity for additional impartial
criteria to guarantee the ethical treatment of animals. The
pursuit of scientific progress frequently clashes with the
imperative to safeguard animal welfare throughout research
endeavors. Scientists encounter ethical quandaries while
devising research that may entail potentially detrimental
methods or treatments. Ensuring a balance between
scientific goals and animal welfare necessitates a
meticulous evaluation of the possible advantages and
disadvantages of research projects. The ethical use of
animals in research is a subject of controversy, namely
concerning the reasons for their usage and the ethical
consequences of experimentation. There are concerns
regarding the moral standing of animals, their ability to
feel pain and suffering, and the ethical obligations of
researchers and organizations towards them (18). These
disputes have an impact on discussions on the ethical
guidelines that govern animal research and the necessity
for stricter ethical standards and oversight procedures.
There is a continuous discussion about the creation and
acceptance of alternate approaches to animal research.
Although alternatives such as in vitro models, computer
simulations, and tissue engineering show potential for
decreasing the usage of animals, concerns persist over their
accuracy, dependability, and capacity to be applied to
human biology (4,18,23). Controversies can emerge over
the ethical ramifications of employing alternative
techniques and the degree to which they may substitute
established animal models (50). Regulatory oversight and
enforcement involve the task of ensuring that ethical
norms and rules for the use of animals in research are
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followed. This task is accompanied by continuous
problems. Although there are legislative frameworks in
place to safeguard animal welfare and uphold ethical
behavior, the methods of enforcement might differ
throughout jurisdictions, resulting in variations in the
supervision and implementation of these regulations. The
debates revolve around the sufficiency of existing rules,
the necessity for more rigorous enforcement methods, and
the function of regulatory agencies in advancing ethical
research procedures. The opinions and involvement of the
general public on animal research and welfare have a
significant impact on policy choices, funding priorities,
and discussions on ethical matters. Discussions on the
ethical treatment of animals in research frequently mirror
wider societal values, cultural views, and ethical frameworks.
It is crucial to involve the public in conversations on
animal welfare, ethical issues, and the use of animals in
research in order to foster openness, accountability, and
responsible research methodologies (50). To summarize,
the issues and current discussions around animal consent
and welfare in research settings underscore the many
ethical, scientific, and societal factors involved in utilizing
animals for research purposes. To tackle these issues, it is
necessary to adopt a multidisciplinary strategy that gives
importance to ethical concerns, scientific rigor, and
stakeholder participation. This method ensures that
animals are treated humanely and research is conducted
responsibly.

OVERSIGHT AND COMPLIANCE OF THE
ANIMAL STUDIES

Effective oversight and compliance systems are essential
for guaranteeing the ethical conduct of animal research.
These systems are specifically created to protect the
well-being of animals, ensure the honesty and accuracy of
scientific work, and maintain high ethical standards in
research environments (50). Effective monitoring and
compliance in animal research are influenced by several
crucial components. Institutional animal ethics committees
have the responsibility of evaluating and authorizing
research methods that involve animals to guarantee
adherence to ethical principles and regulations (16,50).
These committees comprise scientists, veterinarians,
ethicists, and community representatives who appraise the
scientific and ethical rationales for animal utilization,
evaluate the potential hazards and advantages of research
studies, and guarantee that experiments are carried out in
compliance with applicable laws and guidelines. Ethical
principles and regulations establish the structure for ethical
behavior and supervision in the field of animal research.
The guidelines, such as the Guide for the Care and Use of
Laboratory Animals and the Animal Welfare Act, provide
a framework for the concepts of reduction, refinement, and
replacement (13,15,17). They also provide criteria for the
housing, care, pain management, and death of animals
used in research. To add, researchers must provide
comprehensive study protocols to these committees for
evaluation and authorization prior to undertaking animal
experiments. The protocol review process entails assessing
the scientific justification, experimental methodology,
methods, and strategies for minimizing pain and
discomfort in animals. The committee evaluates the
possible hazards and advantages of research studies and
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guarantees that experiments comply with ethical principles
and regulatory obligations.

Institutions have the responsibility of delivering training
and educational programs to researchers, animal care
workers, and committee members in order to guarantee
their proficiency in animal handling, husbandry, and
welfare methods (51). The training sessions encompass
subjects such as appropriate animal care and handling,
ethical issues in animal research, and adherence to
regulatory compliance standards. Institutions guarantee
that staff engaged in animal research possess a
comprehensive understanding of ethical norms and
regulatory requirements by actively promoting education
and training. Moreover, regular monitoring and inspections
of animal facilities and research laboratories are mandatory
for institutions to guarantee adherence to ethical principles
and legislation. Inspections are carried out by internal
compliance officers, external regulatory authorities, or
accrediting bodies to evaluate the state of animal facilities,
the health and well-being of animals, and the execution of
appropriate husbandry and care methods. Organizations
must keep comprehensive documentation of animal care and
utilization endeavors, encompassing research procedures,
records of animal housing and care, veterinarian care
records, and personnel training records. These records
function as proof of adherence to ethical norms and
regulatory requirements and are susceptible to scrutiny by
regulatory bodies during inspections and audits (16,50,51).
Essential for guaranteeing the ethical conduct of research
with animals is adequate supervision and compliance
methods. Institutions may ensure ethical standards, protect
animal welfare, and encourage responsible research
procedures by implementing strong monitoring systems,
following ethical rules and legislation, offering training
and education programs, and encouraging openness and
responsibility.

The Role of Ethical Committees in Ensuring Ethical
Standards

Ethical committees have a crucial function in guaranteeing
ethical standards and the compassionate care of animals in
research environments. These committees have the
responsibility of evaluating, authorizing, and supervising
animal research plans. They play a crucial role in ensuring
the well-being of animals, maintaining scientific
standards, and ensuring compliance with regulations at
research institutes. The main duty of them is to assess
planned animal research to ensure it complies with ethical
standards, and regulatory obligations, and minimizes harm
to animals. This entails a comprehensive examination of
study protocols, encompassing the scientific justification,
experimental structure, techniques, and strategies to
mitigate pain and suffering in animals. These committees
evaluate the possible dangers and advantages of research
studies during the review process, taking into account
variables such as the need for animal usage, the suitability
of experimental techniques, and the effectiveness of efforts
to reduce potential damage. The committee also assesses
the credentials and training of researchers and animal care
workers engaged in the study to guarantee proficiency in
animal handling and welfare protocols (38). After a
research plan is authorized, it maintains oversight of the
project to guarantee continuing adherence to ethical norms
and regulatory requirements. The ethical committee not
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only has regulatory powers but also acts as a valuable
resource and support system for researchers. It offers
advice on ethical issues, animal care procedures, and
regulatory compliance needs. The committee also has a
vital role in educating the research community about
ethical norms and fostering a culture of responsible
conduct in animal research (16). In summary, regulatory
organizations play a crucial role in guaranteeing the ethical
execution of animal research. These committees play a
crucial role in preserving public confidence in the honesty
of scientific research and protecting the well-being of
research animals by adhering to ethical standards,
advocating for animal welfare, and enforcing regulatory
compliance.

CURRENT ISSUES AND DEBATES

Contemporary ethical concerns in experimental animal
research involve a variety of intricate and
multidimensional factors that mirror the changing
scientific, ethical, and societal viewpoints. These problems
elicit discussion and examination among scientists, ethical
discussions, and circles involved in crafting policies.
Debates Surrounding the Use of Specific Animal Models
The debates about the utilization of certain animal models
in research are intricate and nuanced, encompassing a
wide range of viewpoints, ethical concerns, and scientific
goals (53). Various animal species are employed in
research for a range of objectives, including fundamental
biology study, disease modeling, and medication
development. Several crucial discussions revolve on the
use of certain animal models, encompassing. One of the
main topics of discussion is the choice of suitable animal
species for research purposes. When selecting animal
models, researchers must take into account criteria such as
the degree of evolutionary relatedness to humans,
similarities in physiology, ease of genetic manipulation,
availability, and ethical issues (54). Controversies emerge
over the appropriateness of certain species for specific
scientific inquiries, the transferability of discoveries to
humans, and the ethical ramifications of employing certain
species in study. A significant point of disagreement
revolves over the degree to which conclusions drawn from
animal research may be applied to people. Critics contend
that variations in physiology, anatomy, metabolism, and
genetics between people and animals might restrict the
applicability of study findings, resulting in possible
inconsistencies and inefficiencies in the creation of drugs
and their translation to clinical use (53,54). Advocates of
animal models argue that, despite their limitations, studies
conducted on animals offer essential knowledge about
biological systems, disease processes, and therapeutic
treatments that may be applied to human health. The
ethical discussions over the utilization of particular animal
models revolve around concerns related to animal welfare,
the experience of suffering, and the moral standing of
animals. Critics express apprehensions over the ethical
ramifications of using sentient creatures in research,
especially when it involves invasive or detrimental
operations (55). The ethical rationale behind utilizing
specific animals, such as non-human primates, dogs, or
pigs, in research is being closely examined, with demands
for increased attention to alternative options, improvement
measures, and ethical supervision. The advancement and
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acceptance of alternative techniques for animal testing
question the dependence on particular animal models in
scientific investigation. Controversies emerged regarding
the verification, dependability, and significance of
alternative techniques in comparison to animal models,
along with the moral need to promote non-animal
procedures wherever possible (53-56). Issues around
certain animal models are influenced by concerns over the
scientific validity and repeatability of animal experiments.
Factors such as differences in animal strains,
environmental conditions, experimental procedures, and
biased publication practices might affect the dependability
and replicability of study results. The objective of
advocating for enhanced experimental design, reporting
standards, and replication studies is to strengthen the rigor
and reliability of animal research. Discussions about the
utilization of particular animal models in research are
marked by intricate ethical, scientific, and practical factors.
To address these arguments, it is necessary to carefully
analyze the selection of species, the capacity to translate
findings to humans, the ethical implications, alternative
approaches, and the scientific validity (21). Researchers
may traverse these controversies and make well-informed
judgments concerning the use of animal models in research
by participating in discourse, fostering openness, and
incorporating ethical and scientific principles.

Advancing Ethical Standards in Animal Testing: Identifying
Gaps, Unanswered Questions, and Future Directions
Divergent viewpoints, beliefs, and interests give rise to
conflicting opinions about the ethical aspects of different
research methods. In order to address these conflicts,
active engagement in discussions, thoughtful deliberation,
and inclusion of relevant stakeholders are essential to
negotiate complex moral dilemmas, promote ethical
decision-making, and uphold the principles of
benevolence, personal autonomy, justice, and respect for all
research participants (53-56). The ethical considerations
surrounding animal experimentation are intricate and
diverse, with several areas of uncertainty and unresolved
inquiries that necessitate more investigation. Although
progress has been made in adopting alternative approaches
and minimizing animal experimentation, there is still a
want for stronger frameworks and norms to guarantee the
ethical treatment of animals in scientific research. There is
a significant lack of information on the lasting impacts and
dependability of alternative testing techniques in
comparison to conventional animal models (56). Although
organoids, computer simulations, and in vitro models hold
potential, further study is required to verify their
effectiveness, consistency, and applicability to human
physiology (18,23). Furthermore, it is crucial to carefully
contemplate the ethical ramifications of employing these
alternatives, taking into account their influence on study
results and regulatory determinations. Moreover, there is a
need for additional investigation into the ethical quandaries
associated with the utilization of genetically modified
animals in scientific studies. Concerns emerge over the
well-being of these animals, the possibility of unforeseen
outcomes, and the ethical obligations of researchers and
regulatory entities. It is crucial to address these matters in
order to establish ethical principles that effectively
reconcile scientific advancement with the well-being of
animals. Another aspect that deserves consideration is the
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influence of public opinion and stakeholder participation
on the development of animal testing policies (55).
Gaining insight into social views, beliefs, and concerns
about animal research is essential for promoting openness,
responsibility, and public confidence. Future studies should
prioritize the evaluation of public views, investigation of
stakeholder viewpoints, and facilitation of conversation to
enhance the ethical decision-making processes. To
effectively address these gaps and unsolved problems, it is
crucial to foster multidisciplinary collaboration, engage in
ethical thought, and maintain continuing communication
among scientists, politicians, ethicists, and the public. By
adopting a comprehensive strategy that places importance
on the well-being of animals, rigorous scientific methods,
and the values of society, we may work towards
implementing more ethical and sustainable practices in the
field of biomedical research.

CONCLUSION

Ultimately, ethical norms and regulations in experimental
animal studies are essential elements of conscientious
scientific investigation and compassionate care for
research animals. This thorough examination has
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INTRODUCTION

Experiments using animals have contributed significantly
to many research and development studies, especially in the
biomedical field throughout the history of science. Although
the results obtained from animal experiments cannot be
directly translated to humans (1), they provide important
information and clues about the possible behavioral
attributes of pharmaceutical agents and therapeutic
modalities tested in humans and other species (2).
Conducting animal experiments in accordance with
scientific principles and ensuring the ethical use and welfare
of animals are matters that must be taken into consideration.
In many countries, the 3R rules (Replacement, Reduction,
and Refinement) are recommended as an ethical approach
in legislation regarding animal research (3,4). Researchers
are further advised to adhere to guidelines such as Planning
Research and Experimental Procedures on Animals:
Recommendations for Excellence (PREPARE), Design
and Execution of Protocols for Animal Research and
Treatment (DEPART), and Animal Research: Reporting
of In Vivo Experiments (ARRIVE) when conducting
animal experiments (3-6).

In research planned within the framework of scientific
principles, the researcher formulates one or more
hypotheses to seek the appropriate answer to the biological
question at hand. The selection of the appropriate
experimental design must be made to test these
hypotheses. There are many experimental designs used in
animal research. However, the selection of the
appropriate  experimental design, considering the
constraints and limitations of the study, will guide the
researcher toward obtaining an accurate answer to the
biological question. The choice of statistical analyses
varies according to the selected experimental designs.
Statistical analysis serves as a crucial tool for examining
data and determining whether observed differences stem
from sample variations or genuine disparities within the
underlying population (2,7-10).

In numerous studies, experimental designs are often
formulated without adequately accounting for the effects
of multiple factors when exploring biological significance
or addressing problems. Instead of employing complex
designs to investigate the biological problem
comprehensively, researchers may opt for simpler
experimental designs or fail to select an appropriate
statistical analysis for the experimental design, potentially
compromising the rigor and validity of the findings.

For these reasons, this study has mentioned the principles
that a researcher should adhere to when planning an
animal study within the scope of the research. Then, some
special experimental designs including completely
randomized design, regression design, split-unit design,
hierarchical (nested) design, and mixed effects design are
explained, and the statistical analyses that can be applied
to these experimental designs are emphasized.

GENERAL PRINCIPLES
EXPERIMENTS

Animal Ethics

Animal ethics, a subset of bioethics, delineates the
boundaries of permissible actions within the realms of
human and animal sciences, particularly concerning the
use of animals in research. It encompasses universal

FOR ANIMAL
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principles governing attitudes and behaviors towards
animals, setting forth ethical guidelines and standards to
ensure their welfare and humane treatment. Compliance
with animal ethics enables the fulfillment of several
objectives, including providing justifications for research
and training studies involving experimental animals,
organizing, and conducting experiments guided by scientific
purposes and ethical principles, as well as safeguarding
animal rights and preventing harm to animals (11,12).
Extending the Framework from 3Rs to 12Rs

All animal experiments should adhere to the principles of
Replacement, Reduction, and Refinement (3Rs) within the
framework of bioethics. Replacement, as one of these
principles, involves prioritizing alternative methods such
as in vitro experiments utilizing cell and/or tissue cultures
whenever feasible, along with employing phylogenetically
lower species (e.g., insects or other invertebrates), and
utilizing methods such as computer simulation and
inanimate systems whenever possible. Reduction entails
minimizing the number of subjects by carefully selecting
the appropriate number of groups, employing the most
suitable experimental design, and conducting accurate
statistical analyses. Refinement focuses on mitigating the
adverse aspects of the method, such as unnecessary pain,
suffering, and distress experienced by the animals, while
simultaneously enhancing efficiency (9,12).

In the literature, it is evident that in addition to the
traditional 3R rules, new guidelines have been
introduced and expanded upon, leading to the development
of the 12R rules. The initial 3Rs primarily concern animal
welfare.

Apart from this, Respect, among the R's related to social
value, refers to the respect shown to the animal's dignity (care
of the animal), its welfare, as well as the rights and privacy
of the animal owner or the community. Responsibility
means the responsibility of the researcher and Regulations
refers to compliance with applicable national legislation
and regulations, as well as directives or standards, legal
and/or professional registers. Reproducibility, among the
R's associated with scientific integrity, pertains to utilizing
a robust study design that effectively addresses research
inquiries, employs appropriate animal numbers, and
employs rigorous statistical analyses to ensure statistical
validity. Transparency in reporting and sharing
information is also crucial to facilitate reproducibility and
enhance the generalizability of data. Moreover, Relevance
underscores the justification or added value of the
research, considering its potential benefits to animals,
human health, society, and scientific advancement.
Transferability/Translatability concerns the applicability
and relevance of experimental models, simulations, or
representations to real-world scenarios. Righteousness
represents the intersection of animal welfare and social
values in the effort to be fair, good, and worthy scientists
and members of society and therefore respectable science.
Reliability is about the robustness, quality, reliability,
applicability, and generalizability of the data produced and
the conclusions drawn, embodied in the culture of
scientific quality and integrity. Reckoning refers to
accountability for precautions to be taken during the
planning and execution of an animal study and after its
conclusion (13).
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Determination of Sample Size

When determining the appropriate number of subjects for
animal experiments, it is imperative to consider both
scientific factors and ethical considerations such as
financial constraints, study objectives, data structure,
experimental design, and the characteristics of the
experimental subjects. Hence, at this stage, it is advisable
to adopt the 3Rs, insights gleaned from prior studies or
pilot studies, power analysis, sequential sampling,
resource equation method, or other strategies informed by
practical experience (9,14-17).

Randomization and Blinding

Randomization is a vital procedure in animal studies that
guarantees the complete random assignment of animals to
experimental groups or conditions. This process can be
facilitated using various tools such as computer software
programs (e.g., Excel, SPSS, Minitab) or random number
generators. Blinding is to ensure that information
regarding specific treatments remains confidential to all
relevant parties in the experiment who may be consciously
or unconsciously influenced by this information. Thus,
through the utilization of blinding and randomization, the
potential for any conscious or unconscious interferences
that could disrupt the experiment can be effectively
minimized (2,15).

EXPERIMENTAL DESIGNS AND STATISTICAL
ANALYSES

Completely Randomized Design

In a completely randomized design, treatments are
allocated entirely at random, ensuring that each
experimental unit has an equal opportunity to receive any
treatment. Within such designs, any variances observed
between experimental units subjected to the same
treatment are regarded as experimental errors. This
uncomplicated design represents the fundamental
framework upon which other experimental designs are
built. Noise variables are assumed to affect all treatment
groups equally (2,10). In studies involving more than two
treatment groups, the model for the completely
randomized design is shown in Equation [1]:

Yij = Ut a; t+&; [1]

y;; refers to the outcome variable value of the jth animal in
the ith group, « denotes the grand mean, o; refers to the
main effect of the treatment, and &;; states the random error
term. Classic analysis of variance (ANOVA) can be used
to estimate this model (2).

For instance, consider a study aimed at investigating the
effect of a drug on blood cortisol levels in rats with
Cushing's syndrome. In this study, groups are established
with three different doses of the drug, and animals are
randomly allocated to each group. It can be asserted that a
completely randomized design is well-suited for this
investigation.

If a covariate exists within the design, impacting the
outcome variable, it is incorporated into the experiment,
and techniques for noise reduction are employed. The
relevant model is given in Equation [2].

Yy =+ a+B(x; —X) + ey [2]
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yij is the outcome variable value of the jth animal in the ith
group, u is the overall mean, «; is the main effect of the
treatment, S is the slope of the regression line between the
covariate and the outcome variable, that is, the effect of the
covariate, x is the covariate mean, x;j is the covariate value
of the jth animal in the ith group, and & denotes the
random error term (2).

For example, in a Cushing's syndrome rat study, the
plasma adrenocorticotropic hormone (ACTH) levels of the
rats measured before the experiment or the body weights
of the animals can be taken as a covariate in the
experimental design. Thus, the completely randomized
design is transformed into a completely randomized design
with covariate.

Furthermore, a covariate can be added to the experiment to
remove a confounder whose effect cannot be eliminated
with some approaches (standardization or randomization).
Thus, the power of the experiment can be increased. When
a covariate is removed from the experiment, the amount of
unexplained variation will increase, reducing power. In
such instances, the covariate included in the experiment
can be kept under control by using some statistical analysis
such as analysis of covariance (10,18,19). Furthermore,
Wang et al. (20) demonstrated the importance of including
covariate in experiment to increase statistical power.
Regression Design

Regression design can be used when it comes to examining
many different values of a variable, that is, different doses
of adrug. By adding a generic f(x) function to the ANOVA
linear model, the Equation [3] is obtained (2).

yij = f(D;) = Bo + BiD; + B, D} + &5 [3]

In the regression model, D; indicates the procedure applied
to the ith animal, fo, f1, and S, show the regression
coefficients, and &j; represents the random error term.
Regression analysis is used in modeling the outcome
variable yj;.

For example, consider a study to investigate the impact of
various doses of a drug on cholesterol levels. In this
experiment conducted on rats, groups are established with
10 different doses of the drug, with 6 animals randomly
allocated to each group. Regression design is suitable for
this experiment.

Comparatively, regression design offers several
advantages over a completely randomized design. Firstly,
it entails lower costs due to the utilization of fewer animals
in the experiment. Secondly, the estimated regression
model enables the estimation of outcome variable values
for intermediate doses, thereby providing valuable insights
into dose-response relationships. Thirdly, it can be
checked whether each of the estimated regression
coefficients is significant (2).

Split-Unit Designs

Split-unit designs are typified by the random assignment
of at least two treatment factors to distinct nested unit
factors. Usually, one factor may be applied to larger
experimental units, while others may be applied to a
smaller subset of these units. Experiments incorporating
repeated measurements are categorized within this design
framework. These include experiments in which an animal
is measured multiple times across multiple areas of its
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body or across multiple tasks (2,21). The model for a basic
split-unit design with two factors is given in Equation [4].
yijk =u+ (v + aj(P) +1;) + a}({Q) + “j(;fQ) +ege 4]
Here, P indicates the factor applied to large units (j=1,...,j),
and Q indicates the factor applied to small units (k=1,...,k).
yiik is the outcome variable representing the jth P treatment
and the kth Q treatment in the ith block. This model shows
that the measurement is affected by block yi, the treatment
applied to the large unit (aj(P)), and some noise (7))
effective at the level of large units. All terms in parentheses
indicate contribution to the larger experimental unit. a,((Q)
shows the contribution of split-units given by the
Q treatment, aj,? indicates the contribution of the
interaction between P and Q factors, and &ijx shows the
contribution of some noise at the split-unit level. A linear
mixed modeling approach can be employed for the
analysis of these models (2).

For example, assume an animal experiment to examine
the effects of two different diets (high-fat, low-fat) and a
drug administered at different doses (D1, D2, D3, D4) on
the enzyme. In this experiment, there are 6 cages and 4
mice in each cage. Each mouse within each cage will
receive a different dose, while all mice within the same
cage will receive the same diet. Thus, each cage serves as
a block for different doses and as an experimental unit for
diets. Split-unit design can be used for this study.
Hierarchical or Nested Designs

These designs, which are similar to the split-unit design,
may not include all possible combinations between factors.
It encompasses repeated measurements, wherein the same
animal undergoes measurement multiple times, often
involving multiple assessments taken from the liver.
Additionally, there may be specific time intervals between
these measurements (0, 2, 6, 12, 24 hours). Thus, the
animal becomes the factor hard to change in the
experiment and the animal cannot be given more than one
treatment. It is important to define the animal as the block
variable in these designs because the animal can greatly
influence the results and samples from the same animal are
not independent. The model to be created differs
depending on the number of factors in the experiment (2).
The nested design model with three factors (A, B, C) is
given in Equation [5].

Yijii = b+ ai + Bjwy + Vi) + Eija [5]

yiiui i the Ith observation value at the kth level of factor C
nested at the jth level of factor B and the ith level of factor
A. u is the general average, ai is the ith level of factor A,
Bj i, represents the effect of the jth level of factor B nested
at the ith level of factor A, i) indicates the effects of the
ith level of factor A, the kth level of factor C nested at the
jth level of factor B. &iju represents the random error term.
ANOVA can be used to analyze these models.

For example, consider a study examining the impact of a
drug on the concentration of a specific protein in the liver.
In this study, conducted by two different technicians, there
are two distinct groups: experimental and control. Multiple
measurements (3 times) will be taken from the liver of
each animal, with only one technician examining each
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animal. Consequently, the technician and the treatment are
nested within the animal. A hierarchical design is
appropriate for conducting this study.

Mixed Effects Design

The model for this design includes at least one fixed and at
least one random effect factors and the interactions
between these factors. Fixed effect factors are the type of
animal (wild type vs. transgenic), age group of the animal
(2 months vs. 6 months vs. 1 year), time of the experiment,
diet, supplier, and experimenter performing the
observations or operations. Conversely, random effects
refer to processes where the specific level of the process is
expected to come from a larger population. In such cases,
the focus is on understanding the variability of processes
rather than their individual contributions. The mixed
effects model can be given as in Equation [6] (2).

(4 + (B) (4B)

yijk =,Ll+ai aj +a” +€ijk [6]

In this two-way mixed effects model, it is assumed that al.(A)
is normally distributed with a random effect, aj(B) is a fixed

effect, and the interaction a“B) s assumed to be randomly

distributed and normally distributed. Linear mixed effects
modeling approach is used to analyze these designs.

For example, assume an animal study investigating the
effects of different levels of neuro-exercise (no exercise,
moderate and intense) and gender (female and male) on
neurogenesis. The results of histopathological examination
of tissues taken from four different regions of each mouse's
brain will be used for evaluation. In this design, neuro-
exercise and gender are fixed effects, while the mouse and
the sections are random effects, so the results can be
examined by creating a mixed-effects design model.

CONCLUSION

The aim is to attain more effective, cheaper, and more
reliable results in animal studies. This necessitates
planning, executing, and reporting studies within the
framework of scientific and ethical principles. During the
planning phase, the establishment of hypotheses can be
achieved by selecting the appropriate experimental design
and statistical analyses. Hence, this review offers valuable
insights into the scientific and ethical principles
fundamental to animal studies, along with details on
various experimental designs and statistical analyses. As
such, it is recommended for researchers, as it provides
important summative information to guide the effective
planning of animal studies.
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ABSTRACT

Occupational health and biosecurity terms include scientific approaches regarding ethical
values, reliable methods, and a series of precautions to be taken against risks and hazards for
employees and the living material being studied. Research and development activities carried
out within the scope of biotechnology involve many risks under laboratory conditions, which
are their own physical area. Many precautions and practices have been defined to analyze these
risks and take precautions before they occur, and laboratory guides have been created in line
with these definitions. During studies carried out with experimental animals under laboratory
conditions, safe working rules may be violated due to physical conditions, equipment and
materials, treatments applied to the subjects, negligence, or faulty practices caused by the
researcher or expert. Biosafety in animal experiments consists of a set of ethical conditions and
practices declared in the guidelines of specialized laboratories at their own level, protecting
employees, subjects, and life outside the laboratory. In this review, possible risks and dangers
that may arise at different biosafety levels and the precautions and practices that can be taken
against them are evaluated. In this way, it was aimed to contribute to the development of
laboratory and biosafety criteria in animal experiments.

Keywords: Occupational health and safety; biosecurity; experimental animals.

oz

Is saglig1 ve biyogiivenlik terimleri calisanlarin ve iizerinde ¢alisma yapilan canli materyalin
etik degerler, giivenilir yontemler, risk ve tehlikelere karsi alimacak bir dizi onlemlere dair
bilimsel yaklagimlar1 icermektedir. Biyoteknoloji kapsaminda gergeklestirilen arastirma ve
gelistirme faaliyetleri, kendi fiziki alan1 olan laboratuvar kosullarinda pek ¢ok riski biinyesinde
barmdirmaktadir. Bu risklerin analiz edilerek, olugsmadan 6nlem alinmasina yonelik birgok
onlem ve uygulama tanimlanmis ve bu tanimlar dogrultusunda laboratuvar rehberleri
olusturulmustur. Laboratuvar kosullarinda deney hayvanlari ile yapilan ¢aligsmalar sirasinda
fiziki kosullar, ekipman ve materyaller, deneklere uygulanan tedaviler, ihmaller veya
arastirmact veya uzmandan kaynaklanan hatali uygulamalar nedeniyle giivenli calisma
kurallart ihlal edilebilmektedir. Hayvan deneyleri ¢alismalarinda biyogiivenlik ise kendi
seviyesinde 6zellesmis laboratuvarlarin kilavuzlarinda bildirilen, calisanlari, denekleri ve
laboratuvar disindaki yasami koruma altina alan bir dizi etik sart ve uygulamalarindan ibarettir.
Bu derlemede genel olarak farkli biyogiivenlik seviyelerinde ortaya g¢ikabilecek olasi risk ve
tehlikeler ile bunlara kars1 alinabilecek 6nlem ve uygulamalar degerlendirilmistir. Bu sayede,
hayvan deneyleri ¢aligmalarinda laboratuvar ve biyogiivenlik kriterlerinin gelistirilmesine
katki saglamas1 amaglanmustir.

Anahtar kelimeler: Is saglig1 ve giivenligi; biyogiivenlik; deney hayvanlari.
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INTRODUCTION

As a social living being, humans have been carrying out
many activities to meet their individual and community
needs since their existence on earth. These activities
reveal scientific and technological specializations
according to the needs of the period, and this creates the
basis for job and employee differentiation according to
the power and technical capacities of individuals.
However, these  resulting  specializations  and
differentiations have caused tragic work accidents,
occupational diseases, poisoning, and deaths since the
early periods of humanity.

The concept of occupational health and safety (OHS)
comes from Hippocrates (460-370 BC), who detected lead
poisoning in workers: "The cost of obtaining precious
metals such as gold and silver; all substances are poison".
There is no substance that is not poisonous. It emerged
until Paracelsus (1493-1541) with his words "The
appropriate dose reveals the difference between poison
and medicine”, and until Ramazzini (1), the founder of
OHS, with his approach "Ask patients about their
profession”. Following the Industrial Revolution, there
were historical cases such as diseases seen in workers,
anatomical and physiological damages, necrotic wounds
caused by chemical contamination, chimney sweep child
workers, and London fires (2-4). These cases and the legal
processes experienced during the period paved the way for
the formation of today's occupational and worker health
rules and organizations in the fields of health and work on
an international scale World Health Organization (WHO),
International Labor Organization (ILO) (5-7).

Today, OHS has begun to find a place for itself in every
field by specializing in various branches of science in
parallel with developments in technique and technology.
Among the most prominent of these fields is
biotechnology. "Biosafety"” rules have been established to
ensure the safety of researchers and technical personnel
working in this field, as well as to keep the risk and stress
factors of experimental animals used in research under
control. In this context, OHS is a systematic and scientific
study carried out to protect against conditions that may
harm health arising from various reasons during the
execution of work in the workplace. Biosecurity is defined
as control principles, technologies, and practices applied
to prevent exposure to biological agents for any reason or
their uncontrolled release (8). Within the framework of
both definitions, the field of study of the term biosecurity
refers to all measures aimed at detecting the possible risks
that the biological agents, living materials, and applied
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techniques used in modern biotechnology applications
may pose to humans, animals, and other living and
inanimate environments, and solving or controlling the
problem at its source.

Research and development activities carried out within the
scope of biotechnology involve many risks under
laboratory conditions, which are their own physical area.
Many precautions and practices have been defined to
analyze these risks and take precautions before they occur,
and laboratory guides have been created in line with these
definitions.

This review aims to evaluate possible risks and dangers
that may arise at different biosafety levels and the
precautions and practices that can be taken against them
with the purpose of contributing to the development of
laboratory and biosafety criteria in animal experiments.

BIOSAFETY LEVELS AND RISK GROUPS

WHO (9) and US Centers for Disease Control and
Prevention (CDC) animal biosafety level (ABSL) guide
was created and possible risks were grouped under four
groups.

Risk Group 1

In this group, there is no individual or social risk or the
probability of occurrence is very low. This level of
microorganism is unlikely to cause human or animal
diseases.

Risk Group 2

In this group, there is a moderate individual risk and a low
social risk. A pathogen that can cause human or animal
disease but is unlikely to pose a serious hazard to
laboratory workers, the public, livestock, or the
environment. Laboratory exposures can cause serious
infection, but effective treatment and preventive measures
are available and the risk of spreading the infection is
limited.

Risk Group 3

In this group, there is high individual risk and low social
risk. A pathogen that usually causes serious human or
animal disease but does not normally spread can be
transmitted from one infected person to another. Effective
treatment and preventive measures are available.

Risk Group 4

There is a high individual and social risk in this group. An
easily cleared pathogen that usually causes serious human
or animal disease is transferred directly or indirectly from
one person to another. Effective treatment and preventive
measures are often not available (Table 1).

Table 1. Characteristics of animal facilities and laboratory safety practices (9)

Risk  Biosafety

Laboratory Practices and Safety Equipment

Group Level

1 ABSL-1  Restricted entry, protective clothing, and gloves

5 ABSL-2 In addition to ABSL-1 applications, danger warning signs should be used. Class 1 or 2 BSC should be used for
activities that generate aerosols. Waste and cages should be decontaminated before washing.

3 ABSL-3 In addition to ABSL-2 applications, controlled entry. Special protective clothing must be worn for BSCs and
all activities.

4 ABSL-4 In addition to ABSL-3 applications, full limited entry. Change of clothes before entering. Class 3 BSCs or positive

pressure suits. You must take a shower upon exit. Decontamination of all waste before removal from the facility.

ABSL: animal biosafety level, BSC: biological safety cabinet
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PERSONAL PROTECTIVE EQUIPMENT

Personal protective equipment (PPE) includes wearable
equipment worn by personnel to provide an additional
barrier between personnel and biological agents under
investigation, reducing the risk of possible exposure (10-13).
Laboratory coats, gloves, various laboratory masks, caps,
shoe covers, etc. materials are among the basic PPE. Basic
protective equipment varies and specializes according to
the job and risk definitions of the employees, laboratory
safety levels, and the biological material to be used in the
experiment (14,15).

It is an enclosed, ventilated work area designed to provide
protection to the user, laboratory environment, and/or
work materials during aerosol hazard activities.
Containment is achieved by separating the work from the
main area of the laboratory and/or by using controlled,
directional airflow mechanisms. Exhaust air is passed
through a high-efficiency particulate air filter (HEPA)
before being recirculated to the laboratory or building's
heating, ventilation, and air conditioning system. There are

different types (Type I, 1I, and 1Il) of biological safety
cabinets (BSCs) that provide different levels of protection.
BSC Type |

They are open-fronted cabinets with inward airflow,
designed to protect the user and the environment from
infectious aerosols generated during operation. In the
cabin that uses room air, the air passing through a HEPA
filter is released back into the environment.

BSC Type Il

These cabinets, which have a more complex structure than
BSC Type | cabinets, are open at the front and are in
contact with the room air. However, differently, the air
taken into the cabin first passes through the HEPA filter,
and the air in the cabin is released into the environment by
passing through a second HEPA filter before being
released to the outside. This cabin, which is used especially
in cell culture studies, is important in terms of protecting
the health of employees and the environment. It can be
affected by environmental factors such as its orientation in
the room in which it is located, air flow in the room, and
pressure changes.

BSC Type I

Unlike other cabins, the front is closed and there is a
separation between the user and the research environment
and material. The researcher works with arm-length gloves
made of rubber integrated into the system. Airflow is
provided by a special exhaust system outside the cabin.
This system keeps the interior of the cabin under negative
pressure compared to the surrounding area. The air taken
from the HEPA filter passes into the working environment
and passes through a second HEPA filter before being
released (8,16,17).

SAFE WORKING WITH EXPERIMENTAL ANIMALS
Laboratory animals live under the influence of
environmental factors such as temperature, humidity,
airflow, ventilation degree, suspended dust particles in the
air, and noise under the environmental conditions they live
in. In addition, experimental animals are under the
influence of many stress factors, such as breeding,
transportation, and care. In order to obtain reliable and
sustainable results, genetically and microbiologically
defined pedigrees are needed, as well as having a good
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laboratory animal laboratory. Moreover, infectious
diseases in experimental animals must be kept under
control and safe conditions must be provided for
researchers and other employees (18-22).

Biological risk assessment is a key factor in safe laboratory
work. Risk assessment requires careful decision-making
and is an important responsibility for managers of
microbiology and biomedical laboratories and principal
investigators. Institutional structures such as Institutional
Biosafety Committees or equivalent units, animal care and
use committees, biological safety specialists, occupational
health personnel, and laboratory animal veterinarians
share responsibility. When assessing the risk, previous
incidents should be taken into consideration, and criteria
regarding trust conditions should be determined. Biosafety
guides that include risk management should be created
under the responsibility of the laboratory manager in line
with the determined criteria. Creating these guidelines
alone is not sufficient; it is of great importance to
implement them and transmit them as a biosafety culture
among working generations.

The main risks that may arise when safe conditions are
partially or completely eliminated are classified as
follows (21,23-25):

e Direct skin, eye, or mucosal membrane exposure to an
agent

e Bites from a contaminated laboratory sharps
instrument or infected animals and arthropod vectors

e Ingestion of a liquid suspension of an infectious agent
or exposure from contaminated hand-to-mouth

e Inhalation of infectious aerosols

The dangers arising from these phenomena, called risks,
can be grouped under five main headings (21,26,27):

¢ Biting and scratching: Acting outside the rules of
working with experimental animals or dangers arising
from an unforeseen reason.

o Allergenic effect: Body fluids and secretions of
laboratory workers' experimental animals, hair,
feathers, hides, etc. their sensitivity to the material.

o Hazards specific to the experiments: Piercing-cutting,
contamination-toxic, etc. used in the experiments.
Hazards arising from the material.

¢ Natural hazards: These are the dangers arising from
the violation of rules and carelessness of employees /
falling, ergonomic deficiencies, noise, etc.

e Zoonoses: Diseases that can pass between humans
and animals/hantavirus, Salmonella, etc.

SAFE WORKING WITH ARTHROPODS
As with vertebrates, the biosecurity level of the animal
facility where research on arthropods is conducted is
determined by taking into account the biosecurity element
and risk groups subject to research. However, additional
precautions can be taken for some arthropods that have the
ability to fly. The basic precautions that must be taken for
safe work in laboratories where arthropod experiments are
carried out can be listed as follows (12,25,28-30):
e Separate chambers should be provided for infected
and non-infected invertebrates.
e The rooms must have sufficient technology to seal the
environment against fumigation.
o Insecticide sprays should be available.
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e “Cooling” facilities should be available to reduce
invertebrate activity when necessary.

e Access should be provided through a room entrance
equipped with insect traps and arthropod-proof
curtains on the doors.

¢ All ventilation ducts and openable windows must have
arthropod-proof surfaces.

e Waste catchers in sinks and weirs should not be
allowed to dry out.

o All waste should be purified by autoclaving, as some
invertebrates may be resistant to disinfectants.

e The numbers of larval and adult forms of flying,
crawling, and jumping arthropods should be checked.

o Live storage containers used for ticks and mites should
be placed in oil trays.

o Infected or potentially infected arthropods and flying
insects should be kept in double-mesh cages.

o Infected or potentially infected arthropods should be
handled in biological safety cabinets or isolators.

o Infected or potentially infected arthropods may be
restricted in their movement on the arthropod cooling
tray.

CONCLUSION

During studies carried out with experimental animals
under laboratory conditions, safe working rules may be
violated due to physical conditions, equipment and
materials, treatments applied to the subjects, negligence,
or faulty practices caused by the researcher or expert.
"Regulation on the Working Procedures and Principles of
Animal Experiments Ethics Committees™ was published in
the Official Gazette dated 15 February 2014 and numbered
28914, in order to prevent these negligence and violations,
to establish the basis of practices based on ethical
principles on employee safety and laboratory animals, and
to determine their standards. In this regulation, the central
ethics committee for animal experiments and local ethics
committees for animal experiments were defined, criteria
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for safe working with laboratory animals were determined,
and the way was opened for organizing certified training
through laboratory animal use courses. Correct studies are
to be applied to experimental animals in courses carried
out in accredited laboratories that have permission to work
with laboratory animals.

In the courses held in accredited laboratories that have
permission to work with experimental animals, the correct
working methods to be applied to laboratory animals (gavage,
disease models, etc.), as well as the risks and dangers that
these methods may carry within the framework of OHS
rules, are evaluated.

The data obtained from all these studies constitute the
infrastructure of biosafety laboratory manuals according to
their levels. However, this infrastructure is not stable and
is open to rapid changes under the influence of modern
techniques and scientific schools. For this reason, it is
inevitable that more advanced occupational health and
biosafety criteria and practices, which can develop and
change rapidly in the light of science and are specialized
in different fields, will be needed in the near future.
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ABSTRACT

Laboratory animal nutrition plays a crucial role in ensuring the health, welfare, and scientific
validity of research studies involving animals. Technological advancements in feed processing
have provided researchers with innovative tools and techniques to enhance the nutritional
quality and stability of laboratory animal diets. Recent developments in feed processing
technology have focused on improving the precision, consistency, and nutrient bioavailability
of laboratory animal diets. Techniques such as pelleting, extrusion, and coating have been
utilized to create homogeneous feed formulations with controlled nutrient profiles. In addition
to advances in feed processing, new feeding approaches have emerged to address the specific
nutritional requirements of laboratory animals. Precision feeding technologies, incorporating
real-time monitoring systems and data analytics, allow for the customization of feed
formulations based on individual animal needs. Overall, the integration of technological
processes and new feeding approaches in laboratory animal nutrition represents a promising
avenue for advancing animal welfare, research quality, and scientific outcomes in preclinical
and biomedical research. By leveraging cutting-edge feed processing techniques and tailored
feeding strategies, researchers can ensure the optimal nutrition, health, and well-being of
laboratory animals, fostering both ethical research practices and robust scientific results. This
review provides an overview of the technological processes applied to laboratory animal feeds
and introduces new feeding approaches aimed at optimizing animal health and research
outcomes.

Keywords: Laboratory animal feeding; technological processes; feeding models.

0z

Laboratuvar hayvanlarinin beslenmesi, hayvanlari i¢eren arastirma ¢aligmalariin saglik, refah
ve bilimsel gegerliliginin saglanmasinda ¢ok onemli bir rol oynamaktadir. Yem islemedeki
teknolojik gelismeler, arastirmacilara laboratuvar hayvani diyetlerinin besin kalitesini ve
stabilitesini artirmak i¢in yenilikei araglar ve teknikler saglar. Yem isleme teknolojisindeki son
gelismeler, laboratuvar hayvani diyetlerinin  hassasiyetini, tutarliligini  ve besin
biyoyararliligin1 artirmaya odaklanmigtir. Kontrollii besin profillerine sahip homojen yem
formiilasyonlar1 olusturmak i¢in peletleme, ekstriizyon ve kaplama gibi teknikler yaygin olarak
kullanilmaktadir. Yem islemedeki ilerlemelere ek olarak laboratuvar hayvanlarinm &zel
beslenme gereksinimlerini karsilamak igin yeni besleme yaklagimlari ortaya ¢ikmustir. Gergek
zamanli takip sistemlerini ve veri analitigini birlestiren hassas besleme teknolojileri, yem
formiilasyonlarinin bireysel hayvan ihtiyaglarina gore 6zellestirilmesine olanak tanimaktadir.
Genel olarak, laboratuvar hayvanlarinin beslenmesinde teknolojik siireglerin ve yeni besleme
yaklasimlarmin entegrasyonu, klinik dncesi ve biyomedikal arastirmalarda hayvan refahini,
arastirma kalitesini ve bilimsel sonuglari gelistirmek igin umut verici bir yolu temsil
etmektedir. Arastirmacilar, en ileri yem isleme tekniklerinden ve 6zel beslenme stratejilerinden
yararlanarak, hem etik arastirma uygulamalarim1 hem de dogru bilimsel sonuglar
destekleyerek  laboratuvar  hayvanlarmin  beslenmesini, saghigini  ve  refahim
saglayabilmektedirler. Bu derleme, laboratuvar hayvan yemlerine uygulanan teknolojik
islemlere genel bir bakis sunmakta ve hayvan sagligini ve arastirma sonuglarini optimize
etmeyi amaglayan yeni besleme yaklagimlarini ele almaktadir.

Anahtar kelimeler: Laboratuvar hayvani besleme; teknolojik islemler; besleme modelleri.
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INTRODUCTION

Laboratory animal feeds play a crucial role in providing
essential nutrients for the health and well-being of animals
used in research settings. These specialized feeds are
carefully formulated to meet the specific nutritional
requirements of different species of laboratory animals,
ensuring their growth, reproduction, and overall health are
adequately supported (1).

Laboratory animals have unique dietary needs based on
their species, age, weight, and health status. Properly
formulated feeds provide the necessary balance of
proteins, carbohydrates, fats, vitamins, minerals, and other
nutrients to meet these requirements (1). Feed
manufacturers adhere to strict quality control measures to
ensure the consistency and safety of laboratory animal
feeds. This includes sourcing high-quality ingredients,
monitoring production processes, and conducting quality
assurance tests (2).

Different species of laboratory animals, such as rodents,
rabbits, and non-human primates, require feeds with
specific nutrient compositions tailored to their
physiological and metabolic characteristics. Specialized
formulations may include ingredients like amino acids,
fiber, and micronutrients (1,2).

Laboratory animal feeds are essential components in
biomedical research and play a crucial role in maintaining
the health, well-being, and scientific integrity of laboratory
animals (2). Proper attention to the formulation, quality
control, and specific nutritional requirements of these
feeds is vital to ensure the reliability and validity of
research outcomes.

This review aims to provide an overview of the
technological processes applied to laboratory animal feeds
and introduces new feeding approaches aimed at
optimizing animal health and research outcomes.

IMPORTANCE OF TECHNOLOGICAL PROCESSES
IN ENHANCING ANIMAL FEED QUALITY
Technological processes play a significant role in the
production of high-quality animal feeds by improving
digestibility, nutrient absorption, and overall feed
efficiency. These processes encompass various methods
and techniques, such as grinding, mixing, pelleting, and
coating, that contribute to enhancing the nutritional value
and palatability of the feeds (1,3).

Technological processes such as grinding and pelleting
break down feed ingredients into smaller particles,
increasing the surface area available for enzymatic action
and improving nutrient absorption in animals. Coating and
flavoring processes can improve the taste and aroma of
feeds, making them more appealing to animals and
encouraging adequate feed intake, which is crucial for
meeting their nutritional requirement (4). Precision in feed
processing techniques, such as accurate mixing and
pelleting, can reduce feed wastage and ensure that animals
consume a balanced diet without selective feeding.
Technological processes in feed production are essential
for optimizing feed quality and ensuring that animals receive
the necessary nutrients for growth, health, and performance.
By implementing advanced processing techniques, feed
manufacturers can enhance the nutritional value,
consistency, and palatability of animal feeds, leading to
better overall feed efficiency and animal well-being (4,5).
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TECHNOLOGICAL PROCESSES IN PRODUCTION
Grinding and mixing are essential processes in animal feed
production that impact feed quality, nutrient availability,
and animal performance. The efficiency and precision of
these techniques can significantly influence the
digestibility, palatability, and overall effectiveness of the
feed in meeting the nutritional requirements of animals (6).
Grinding Techniques

Grinding is a mechanical process used to reduce feed
ingredients into smaller particles, thereby increasing
surface area for enzymatic action and improving nutrient
accessibility. Various grinding methods, such as hammer
mills, roller mills, and attrition mills, are employed in feed
production to achieve the desired particle size distribution
and consistency (1).

Mixing Processes

Mixing involves blending different feed ingredients to
create a uniform and balanced feed formulation. Proper
mixing ensures that nutrients are distributed evenly
throughout the feed, minimizing nutrient segregation and
reducing the risk of animals selectively consuming certain
components of the feed. Techniques like horizontal and
vertical mixers are commonly used in feed mills to achieve
thorough mixing (1).

Efficient grinding and mixing processes are crucial for
maintaining feed quality and optimizing nutrient utilization
by animals. Properly ground feed particles and uniform feed
mixtures contribute to improved feed intake, digestion, and
absorption of nutrients. In contrast, inadequate grinding or
mixing can lead to feed wastage, reduced feed efficiency,
and compromised animal health (4,6). Grinding and mixing
techniques are fundamental processes in animal feed
production, influencing feed quality, nutrient availability,
and animal performance. By adopting effective grinding
methods and thorough mixing practices, feed manufacturers
can optimize feed formulation, enhance nutrient utilization,
and support the health and well-being of animals. Continued
research and innovation in grinding and mixing technology
are essential for advancing animal nutrition (7).

Pelleting and Extrusion Methods

Pelleting and extrusion are advanced processing
techniques used in animal feed production to enhance feed
quality, digestibility, and overall performance of animals.
These methods involve the compression, heating, and
shaping of feed ingredients to create pellets or extruded
products that offer numerous benefits in terms of nutrient
preservation, feed efficiency, and animal health (8).
Pelleting Process

Pelleting is a mechanical process that involves compressing
feed ingredients into cylindrical pellets, often using heat,
moisture, and pressure to facilitate binding and shaping.
Pelleted feeds are known for their improved palatability,
reduced dustiness, and enhanced nutrient bioavailability
compared to mash feeds. The pelleting process can result
in increased feed intake, digestive efficiency, and growth
performance in animals due to the optimized nutrient
delivery and physical characteristics of the pellets (1).
Extrusion Technique

Extrusion is a thermal and mechanical process that
involves passing feed ingredients through a high-pressure
extruder, where they undergo heat, pressure, and shear
forces to form expanded, cooked pellets or kibbles.
Extruded feeds are distinguished by their increased
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digestibility, deactivation of anti-nutritional factors, and
improved starch gelatinization, making them highly
digestible and biocavailable to animals. Extrusion can
enhance the nutritional value and functional properties of
feed ingredients, promoting better growth, feed
conversion, and nutrient utilization in animals (1).
Pelleting and extrusion methods offer several advantages
in animal feed production, including improved feed
digestibility, reduced ingredient segregation, enhanced
pellet durability, and decreased microbial contamination.
By processing feed ingredients through pelleting or
extrusion, feed manufacturers can achieve greater feed
consistency, nutrient retention, and performance benefits
for animals, contributing to overall feed efficiency and
health outcomes (9,10).

Coating and Encapsulation Processes

Coating and encapsulation are advanced techniques used
in animal feed production to improve feed quality,
palatability, nutrient retention, and targeted delivery of
bioactive compounds (11). These processes involve
applying protective coatings or encapsulating active
ingredients around feed particles to enhance stability,
bioavailability, and performance benefits for animals.
Coating Techniques

Coating in feed production involves applying a protective
layer of encapsulating material around feed particles to
enhance stability, reduce nutrient degradation, and
improve palatability. Coatings can be made from various
materials, including lipids, polysaccharides, proteins, and
synthetic polymers, to provide a barrier against moisture,
oxidation, and other destabilizing factors. Coating feed
ingredients can help mask undesirable tastes or odors,
increase feed acceptance, and ensure the targeted release
of nutrients in the digestive tract (11,12).

Encapsulation Methods

Encapsulation is a process that involves encapsulating
active ingredients, such as vitamins, minerals, probiotics,
or enzymes, within a protective shell or matrix to enhance
their stability, bioavailability, and targeted delivery.
Encapsulated  ingredients are  protected  from
environmental factors, such as heat, moisture, and pH
fluctuations, ensuring their efficacy and controlled release
in the digestive system. Encapsulation can improve the
performance of sensitive nutrients and functional additives
in animal feeds, leading to enhanced nutrient utilization
and health benefits for animals (12).

Coating and encapsulation processes offer several
advantages in animal feed production, including improved
nutrient retention, reduced nutrient interaction, enhanced
stability of sensitive compounds, and controlled release
properties. By utilizing coating and encapsulation techniques,
feed manufacturers can tailor feed formulations to meet
specific nutritional requirements, enhance feed efficiency,
and optimize animal performance (13). Coated and
encapsulated feeds can provide targeted nutrition, support
gut health, and improve nutrient absorption in animals.

INNOVATIONS IN LABORATORY ANIMAL FEED
TECHNOLOGY

Several advancements have been made in laboratory
animal feed technology to enhance the nutritional quality,
palatability, and digestibility of feeds. Formulations are
tailored to meet the specific requirements of different
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species, strains, and research purposes. Microencapsulation
techniques have been utilized to protect sensitive nutrients
and ensure their stability during storage (14). Additionally,
the use of probiotics and prebiotics in animal feeds has gained
popularity to promote gut health and improve overall well-
being. In recent years, efforts have been made to reduce
the environmental impact of animal feed production by
incorporating sustainable and alternative protein sources.
These include insect-based proteins, algae-based
ingredients, and plant-based alternatives, which not only
provide a sustainable source of nutrients but also offer
health benefits to laboratory animals (15). Furthermore,
advancements in precision nutrition have enabled researchers
to customize feed formulations based on individual animal
requirements and research goals. This personalized
approach ensures that laboratory animals receive optimal
nutrition for their specific needs, leading to improved
research outcomes and animal welfare (15,16).
Innovations in laboratory animal feed technology have
significantly  improved the nutritional  quality,
sustainability, and personalized approach to feeding
laboratory animals. These advancements play a crucial
role in ensuring the health, well-being, and research
reliability of laboratory animals (16). Continued research
and development in this field are essential to further
optimize animal nutrition and welfare in scientific research
settings.

NEW STRATEGIES IN THE NUTRITION OF
LABORATORY ANIMALS

In the nutrition of laboratory animals, the content and
quality of feeds, and appropriate feeding programs are very
important and directly affect animal health and welfare.
Accordingly, with good and proper nutrition, the
metabolism and physiological systems of animals will
function normally and the desired real data can be obtained
in experimental studies. Otherwise, the findings obtained
as a result of the experiments will be erroneous and the
reliability of the study will decrease. For almost 40 years,
the scientific community has taken action to control
environmental factors that contribute to variation, and
because of the contribution of laboratory animals to
scientific studies, the nutrition of laboratory animals has
been recognized as an important element. Over the past
years, various individuals and scientific institutions have
developed various guidelines. These guidelines aimed to
improve the quality of research by standardizing the
selection, use, and reporting of diets used for research
animals. One of these is the work of Knapka et al. (17), a
laboratory animal nutritionist, who, in the early 1970s,
initiated a standardization program and formulated the first
"open formula" formula, aiming to achieve standardization
in laboratory animal diets.

As a result of these and other studies, the Central
Laboratory Animal Diet Advisory Committee supported
the use of 'standard reference diets' in biomedical research
as an idea to improve the ability to replicate research. As a
result, fixed-formula laboratory animal diets (AIN76)
were formulated. In 1993, the AIN93 Growth and AIN93
Maintenance diets were subsequently formulated (18).
During this period, the AIN93 re-emphasized the need to
standardize experimental laboratory animal diets so that
intrinsic variation could be reduced.
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Around the same time, laboratory animal nutritionists

began formulating open-formula, natural-ingredient
experimental animal diets to meet the need for
standardized laboratory animal diets. With the

development of open-formula diets, the fixed-formula,
fixed-nutrient-concentration,  closed-formula,  and
natural-ingredient diets were developed to reduce the
potential variation that diet could cause in research.

Open Formula Diets

In open-formula diets, the concentrations of all ingredients
are publicly available. Open-formula diets also enable a
retrospective analysis of possible diets. New open-formula
diets are being formulated and made available as needed.
For example, the NIH31 open formula diet is an
autoclavable rodent diet, formulated in response to
requests from the NIH Animal Research Center. However,
when the diet is autoclaved, minimal starch gelatinization
occurs, so problems with pellet clumping and increased
hardness can occur.

Closed Formula Diets

Commercial diets manufactured and marketed under seller
trade names are typically ‘closed formula diets' and
proprietary products. While ingredients are listed,
quantitative ingredient formulation is not specified.
Therefore, ingredient composition may vary. Differences
in formulation may occur feed manufacturers prefer
closed formula diets to achieve the 'least cost' formulation.
Least-cost strategy refers to formulating diets that
maximize profit by using the least costly ingredients.
Fixed Formula Diets

In a fixed-formula diet, the quantitative ingredient
formulation does not change. For open-formula diets, the
terms fixed-formula and open-formula are mistakenly
thought to be synonymous, as quantitative formulations do
not change. Both fixed- and open-formula diets may
occasionally require changes in nutrient composition or
formulation to meet changing nutrient requirements.
However, while changes to the quantitative ingredient
formulation are publicly disclosed when open-formula
diets are changed, information on changes to the fixed
closed formula is diet-specific and therefore not publicly
disclosed.

Constant Nutrition Diets

Constant nutrition is a trademarked expression of PMI
Nutrition International and describes laboratory animal
diets (LabDiets) for which the concentrations of known
nutrients and ingredient groups remain constant. However,
the quantitative content of the formulations of constant
nutrition diets may be changed without public disclosure.
Changes in diet formulation may alter undefined nutrients
or dietary components such as fat.

The ability to replicate research is essential for science.
One key to replicating research is to control all variables,
i.e. to reduce variation. To meet this requirement,
microbiological and genetic characterization of laboratory
animals has become increasingly well-defined over the
years. Health status and environmental factors (e.g.
feeding, bedding, light cycles, noise, humidity,
temperature, and staff interaction with animals) are factors
that can affect research. They should be controlled as far
as possible. Diet in laboratory animals is an important
environmental factor affecting reproduction, growth,
disease, and experimental manipulation.
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A new and comprehensive approach to biological
research is also developing, namely systems biology. This
"systems biology" refers to how all relevant components
of a biological drug interact functionally over time and
under changing conditions. New technologies such as
genomics, proteomics, metabolomics, and nutrigenomics
are emerging and being used to advance the systems
biology approach (19). These technologies are influenced
by both intrinsic and environmental factors.

Progress in the battle against human disease and suffering
is accelerating with the availability of genomic
information for humans, mice, and other organisms. The
techniques and knowledge emerging from these genome
projects have reinvigorated the process of locating and
identifying genes involved in disease. To date,
approximately 1,000 human disease genes have been
identified and partially characterized, 97% of which are
known to cause monogenic diseases (20). However, most
cases of obesity, cardiovascular disease, diabetes, cancer,
and other chronic diseases are caused by complex interactions
between various genes and environmental factors. It is
therefore not surprising that strategies to characterize and
identify monogenic diseases fail when applied to chronic
diseases. Despite more than 600 association studies
published since 2002, the molecular basis of chronic
diseases is still not understood. Such results have led to the
development of the "common disease/common variant
hypothesis™, which states that chronic diseases are caused
by clusters of gene variants that collectively contribute to
disease onset and development (19).

Nutrition is the most important environmental factor
affecting the health and productivity of animals.
Traditional research in the field of animal nutrition has
concentrated on the components that, in excess or
deficiency, affect the health and productivity of animals.
In recent years, due to the advances in molecular genetics,
increasing knowledge about the composition and functions
of genomes has begun to be transferred to practice. These
advances have allowed us to understand how nutrients
alter gene and protein expression and how they affect cell
and organismal metabolism (21). The term
"nutrigenomics" was first used by DellaPenna (22) as a
branch of science dealing with the role of nutrients in gene
expression. Nutrigenomics or nutritional genomics, which
was later defined by various researchers, can be considered
as a combination of molecular genetics and genomics in
the fields of health, nutrition, and genomics.

The basic approach of this new field of research is that
common food chemicals may directly or indirectly affect
the genome, altering gene expression or structure, that
nutrition may be a risk factor in some individuals under
certain conditions, and that genes regulated by nutrition are
likely to influence the onset, impact and progression of
various chronic diseases, the magnitude of the effect of
nutrition on the balance of health and disease states
depends on the genetic makeup of the individual, and that
nutrition based on information about nutrient needs,
nutritional level and genotype (i.e. individualized
nutrition) can be used to prevent, mitigate and treat chronic
diseases (19). In line with these assumptions, the goal of
nutrigenomics is to find nutritional practices that are
appropriate for each individual's genetic profile to
optimize their health and productivity (23).
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A number of new dietary models are emerging in the
modeling phase of feeding experimental animals;

Obesity diets and high-fat diets; are 24% fat, 35% fat, and
45% fat diets. Diets in which vegetable or animal fats are
used as fat sources according to the choice of model.
Metabolic disorder diet; also known as purified-purified
diet.

Diabetes-forming diets; which are also obesity diets, are
diets that are lower in protein and higher in carbohydrates
than high-fat diets.

Atherosclerosis diets; are diets that appropriately raise
blood cholesterol and other blood fats, unlike high-fat
diets, also known as hyperlipidemia, diets with the
addition of cholesterol and cholic acid.

Diets that cause fatty liver disease; are methionine- and
choline-poor diets and contain animal fat. Variations of
high-fat diets and methionine- and choline-deficient diets
are used to study different stages of NAFLD/NASH,
depending on the type of diet and feeding duration.
High-carbohydrate diets; diets high in carbohydrates
along with fat, are the closest dietary group to the human
diet. Such diets cause metabolic disorders in rats and mice.
They are diets with a carbohydrate ratio of 25-70%.
Ketogenic diets; are diets high in fat and low in
carbohydrates. Both fats and oils can be used in these diets.
Research initiation and synchronization diets; are diets
used as microbial diets during the adaptation phase of the
animals in order to provide proper results for the
experiments.

As a result, there are traditionally closed and open formula
diet feeds and recently emerging nutrigenomics,
individualized, and tailored feeding models, and various
feeding models used in modeling with diet, especially in
the modeling phase.

CONCLUSION

The integration of technological processes in feed
processing and the implementation of novel feeding
approaches represent significant advancements in
enhancing laboratory animal nutrition. The utilization of
cutting-edge techniques such as pelleting, extrusion, and
coating has revolutionized the formulation of laboratory
animal diets, leading to improved digestibility, nutrient
bioavailability, and overall diet quality. These technological
processes have enabled researchers to create standardized
and tailored feed formulations that meet the specific
nutritional requirements of laboratory animals, ultimately
contributing to the health, welfare, and research outcomes
of these animals. Moreover, the adoption of new feeding
approaches, including precision feeding technologies and
behavioral enrichment strategies, has further optimized the
nutritional management and well-being of laboratory
animals. Precision feeding algorithms personalized to
individual animal needs have enhanced nutrient utilization
and growth performance, while enrichment programs and
diversified diets have promoted behavioral enrichment and
stress alleviation in research animals. By addressing the
diverse nutritional and behavioral needs of laboratory
animals through innovative feeding approaches,
researchers can ensure the ethical treatment, welfare, and
scientific validity of research studies involving animals.
Moving forward, continued research and innovation in
laboratory animal nutrition are essential to furthering our
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understanding of the complex interplay between diet,
health, and research outcomes in laboratory settings. By
leveraging technological advancements and embracing
novel feeding approaches, the scientific community can
strive towards promoting optimal animal welfare, research
reproducibility, and ethical standards in laboratory animal
research. Ultimately, the combination of advanced
technological processes and new feeding strategies holds
promise for advancing the field of laboratory animal
nutrition and fostering improved health and well-being
outcomes for research animals.
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ABSTRACT

Neuroscience, which covers the molecular mechanisms employed by the brain to cause
neurological diseases and how they can be treated, remains current as the subject of high-budget
investigations to develop early diagnosis and new treatment modalities with multidisciplinary
approaches. For this purpose, creating the appropriate model with the correct modality and
anesthesia in neurological in vivo experimental models is the most important phase to obtain
accurate results and ensure animal welfare. To manage anesthesia in rodents, knowing the
physiological characteristics of anesthetics and their risks will strengthen experimental
procedures. Among the injectable anesthetics, ketamine, xylazine, and pentobarbital are the
most frequently preferred agents for general anesthesia in short surgical procedures. Isoflurane
and sevoflurane are inhaler anesthetics that are administered through a vaporizer because they
are liquids. Important advantages of inhaled anesthetics, such as rapid induction and rapid
withdrawal, make inhaled anesthetics stand out in neuroscience studies. In this review, the
properties of frequently used anesthetic agents in rodents, their usage methods, and which
model they are preferred will be discussed. For this purpose, the selection of appropriate
anesthetics in animal models such as epilepsy, Alzheimer's disease, ischemia-reperfusion
injury, traumatic brain injury, ischemic stroke, experimental autoimmune encephalomyelitis,
and ophthalmic surgical procedures and their side effects will be reviewed.

Keywords: Anesthesia; neuroscience; in vivo models.

0z

Beynin hangi molekiiler mekanizmalar kullanarak nérolojik hastaliklarin olustugu ve nasil
tedavi edilebilecegi kapsamindaki sinir bilim, multidisipliner yaklasimlar ile erken tani ve yeni
tedavi gelistirmek tiizere yiiksek biitceli arastirmalarm konusu olarak giincelligini
korumaktadir. Bu amagla ndrolojik in vivo deneysel modellerde uygun modeli dogru metot ve
anestezi ile olusturmak dogru sonuglari elde etmenin ve hayvan refahini saglamanin en 6nemli
basamaklaridir. Kemirgenlerde anesteziyi yonetmek adina anesteziklerin fizyolojik
ozelliklerini tanimak ve risklerine hakim olmak deneysel prosediirleri giliglendirecektir.
Enjekte edilebilir anesteziklerden ketamin, ksilazin ve pentobarbital genel anestezi igin kisa
cerrahi prosediirlerde en sik tercih edilen ajanlardir. izofluran ve sevofluran sivi olduklarindan
bir vaporizer ile verilen inhaler anesteziklerdendir. Inhale anesteziklerin hizli indiiksiyon ve
hizli ¢ekilme gibi Onemli avantajlart sinirbilim caligmalarinda inhaler anestezikleri 6ne
cikarmaktadir. Bu derlemede kemirgenlerde sik kullanilan anestezik ajanlarin 6zellikleri,
kullanim sekilleri ve hangi modelde tercih edildiginden bahsedilecektir. Bu amagla epilepsi,
Alzeimer hastalig1, iskemi-reperfiizyon hasari, travmatik beyin hasari, iskemik inme, deneysel
otoimmun ensefalomyelitis, oftalmik cerrahi prosediirler ve yan etkileri gibi hayvan
modellerinde uygun anesteziklerin se¢imi gozden gegirilecektir.

Anahtar kelimeler: Anestezi; sinirbilim; in vivo modeller.
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INTRODUCTION

The brain is the most important organ in living things and
remains largely unknown compared to the present century.
How the brain works and remembers, what molecular
mechanisms it employs to make decisions, how
neurological diseases occur, and how they can be treated
are the subjects of neuroscience (1). Recently,
neuroscience has become a research subject not only in the
field of medicine but also in many other branches of
science such as engineering, chemistry, physics, computer
science, philosophy, and psychology. This multidisciplinary
approach reveals large-budget research for early diagnosis
and new treatment modalities of neurodegenerative
diseases, which are increasing in the entire world (2). For
this purpose, experimental models in neurological in vivo
and in vitro studies remain up-to-date.

Creating the appropriate model with the accurate method
and choosing the appropriate anesthesia according to the
model to be studied is a must in experimental research to
obtain accurate results and ensure animal welfare (3).
Managing anesthesia and analgesia in rodents is
challenging because of their small size and varying
sensitivity to anesthetics and analgesics. Also, the
characteristics of the preoperative and postoperative
periods may be overlooked if the characteristics of the
anesthetic are not known because the focus is only on the
experimental procedure to be performed. For this reason,
knowing the physiological characteristics of various
anesthetics and knowing their risks is important to
strengthen experimental procedures (4).

This review aims to discuss the properties of frequently
used anesthetic agents in rodents, their usage methods, and
the selection of appropriate anesthetics in animal models
for neurological diseases and their side effects.

INJECTABLE ANESTHETICS IN RODENTS

Mice and rats require higher doses of anesthetic to reach
full anesthesia depth because of their higher metabolic
rates than larger animals with lower metabolic rates.
Although the duration of anesthesia in rodents is short, on
average, 20-30 minutes, respiratory depression, hypothermia,
and dehydration might occur because of high doses (5).
Injectable anesthetics allow short surgical procedures to be
performed by anesthetizing multiple mice or rats
simultaneously or serially. They are easy to use without
starving the animals because these anesthetics do not
require special equipment (6). Whichever injectable
anesthetic is used, it must be dosed according to the size of
the animal (5). If a repeated dose is required, this should
be approximately 10-25% of the initial dose, but it should
be noted that this might increase the risk of mortality.
When observing the depth of general anesthesia in
animals, when the tail is pinched, the animal’s pawing
movement in response or the movement of the head
towards the stimulus as a positive response to the stimulus
is evaluated to tell us that the anesthesia is not deep enough
and it is too early to start the procedure.

As a benzodiazepine, pentobarbital provides sedation
between 80-95 minutes in rats (40-50 mg/kg) and 10-300
minutes in mice (40-70 mg/kg) with intraperitoneal (IP)
administration (7,8). It depresses the central nervous
system by potentiating gamma aminobutyric acid (GABA)
receptors (9).
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The most commonly used agents are ketamine and
xylazine in rats (40-90 mg/kg ketamine / 5-10 mg/kg
xylazine), and in mice (60-100 mg/kg ketamine / 5-10
mg/kg xylazine). Ketamine and xylazine, which can be
administered IP and intramuscularly (IM), provide 45-90
minutes of sedation in rats and 30-45 minutes of sedation
in mice (7,8). Ketamine provides anesthetic effects by
providing N-methyl-D-aspartate (NMDA) receptor
antagonism and agonistic effects on GABA receptors (10).
As an analgesic and muscle relaxant, xylazine has sedative
effects as an alpha 2 receptor agonist (11). Ketamine and
xylazine can be injected simultaneously in rats and mice,
and this procedure is slightly different in rabbits (Table 1).
First xylazine (5 mg/kg) injection is administered IM, and
10 minutes later ketamine (30 mg/kg) is administered 1M
in rabbits (12,13).

Table 1. Anesthetic administration for short surgical
procedures

Injectable anesthesia
Rats  40-90 mg/kg ketamine / 5-10 mg/kg xylazine, IP or IM
Mice  60-100 mg/kg ketamine / 5-10 mg/kg xylazine, IP or IM
Rabbits 30 mg/kg ketamine (after) / 5 mg/kg xylazine (before), IM

IP: intraperitoneal, IM: intramuscular

Locally administered bupivacaine (0.25% solution) and
lidocaine (1% solution) are local anesthetics and can be
used for short procedures in the incision area in mice and
rats. Effect times can last from 1-15 minutes to 4-12 hours
for bupivacaine, and can range from 1-5 minutes to 1.5-2
hours for lidocaine (7,8). They prevent ion transfer by
stabilizing the neuron membrane and exert their effects by
inhibiting voltage-gated sodium channels (14).

INHALED ANESTHETICS IN RODENTS

The most consistent anesthesia protocol is inhaler
anesthesia for rodents (15). It is already known that
inhalant agents activate GABA and glycine receptors
while inhibiting the NMDA receptors. They prolong the
duration of synaptic inhibition by increasing the response
to endogenous GABA (16).

With its effects on multiple receptors, they allow almost
100% of animals to reach the desired surgical plane. Also,
inhalant agents have low blood solubility, facilitating rapid
drug uptake from the alveoli and effective distribution
across the blood-brain barrier, which results in rapid
anesthetic induction and rapid removal of inhalant agents
from the central nervous system at the end of the procedure
and the ability to fine-tune anesthetic depth during the
procedure (17,18). Side effects of inhaled anesthetics include
the use of excessive equipment to create the appropriate
depth of anesthesia. Volatile anesthetics (nitrous oxide,
halothane, isoflurane, desflurane, and sevoflurane) are
liguid at room temperature and require the use of
vaporizers for inhalational use (18).

Isoflurane is the most commonly used inhaled anesthetic.
An inhaler effect of 1-3% must be applied with a mixture
of air and oxygen or 100% oxygen (18).
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Sevoflurane can be used at 3% concentration with 6 It/min
of 100% oxygen or 50% nitric oxide and 50% oxygen (19).
Sedation is first provided with an inhaler anesthetic drug
in a box in inhaler anesthetic drug administration, then it
is removed from the box and the same drug is administered
with a mask (20). Since the blood gas solubility coefficient
of sevoflurane is lower than isoflurane, anesthesia
induction and recovery from anesthesia are faster than
isoflurane (21,22).

ANESTHETICS USED IN NEUROSCIENCE STUDIES
In animal models created in neuroscience studies,
choosing the appropriate anesthetic is as important as
animal modeling. If the anesthetic used is not appropriate,
cerebral  hypoperfusion because of developing
hypotension  affects cognitive  functions (23,24)
independent of the disease, causing unexpected effects on
the experimental results (25). The fact that anesthesia is
good for the disease model created is also a dilemma. In
such a case, the anesthetic agent overshadows the effects
of the test substance or treatment method itself and for this
reason, choosing the appropriate anesthetic with
therapeutic and minimized harmful effects must be
considered the most appropriate approach. Also,
depending on the experimental setup, the effects of the test
substance can be combined with the anesthesia method,
which has positive effects. In this review, information will
be shared about the selection of appropriate anesthetics in
neuroscience animal models.

Epilepsy

Epilepsy is a chronic brain disease caused by high
synchronization of abnormal neuronal discharges (26) and
can be affected by the anesthesia protocol and cause
seizure interference. For this reason, understanding the
pro- and anticonvulsant characteristics of the drugs
employed for anesthesia in epilepsy studies must aim to
minimize the risks of intra- and postoperative seizure
activity (27).

Isoflurane or ketamine/xylazine can be used to provide
intraoperative and postoperative analgesia in epilepsy
studies in which stereotaxic examination will be
performed primarily (28,29). Also, jump block can be
prevented by applying 1% lidocaine to the periosteum
before drilling the skull (30). Since isoflurane has no
channel activity, it is known as a good agent for creating
an epilepsy model and is recommended in
intrahippocampal seizure models induced by kainic acid or
penicillin (29). Also, the ketamine/xylazine combination
does not seem very appropriate to use because it might
delay the onset of seizures due to its blocking effect on
NMDA receptors (29). Here, the approach must be chosen
according to the experimental design.

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common
neurodegenerative disease causing cognitive decline with
the onset of progressive dementia with pathological
symptoms such as senile plaque and neurofibrillary tangle
formation in the brain (31). According to the studies on the
information  that inhaled anesthetics increase
neuroinflammation in Alzheimer’s patients (32), it has
been observed that sevoflurane increases neurotoxicity in
mice in transgenic AD (33). Also, isoflurane was found to
increase amyloid pathology in AD model mice (34).
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However, isoflurane anesthesia was shown to be safe in
AD created in the Tg2576 mice model and did not affect
experimental results by not interacting with vital
parameters (35).

Ischemia-Reperfusion Injury

Ischemic stroke refers to the necrosis of the brain tissue
because of insufficient cerebral blood flow (36). Although
reperfusion following ischemia improves the situation,
cerebral reperfusion might increase brain tissue damage by
worsening oxidative stress and protein damage (37).
Ischemia-reperfusion injury has extremely high mortality
and morbidity rates (38) and is a model in which the test
substance and treatment modality are intensively studied
experimentally.

It is already known that ketamine and barbiturates have
neuroprotective effects and might interfere with
investigating the effect of the test substance in stroke
models (39). Pentobarbital anesthesia was shown to be
superior to inhaled anesthetics in cerebral ischemia-
reperfusion injury because it has been shown to reduce the
infarct area (40). In a study that compared isoflurane and
barbiturates (thiopental), it was shown that isoflurane
reduced cerebral perfusion, and the ameliorative effects of
barbiturate use on ischemia-reperfusion injury were
reported (41). It was shown that pentobarbital anesthesia
reduces the infarct area in cerebral ischemia-reperfusion
injury more than inhaled anesthetics (40). For this reason,
the choice of inhalation anesthesia seems more appropriate
to reveal the effects of the test substance in the induction
of experimental stroke models more clearly (42).
Experimental Autoimmune Encephalomyelitis
Modeled on multiple sclerosis, experimental autoimmune
encephalomyelitis (EAE) is a disease in which myelin
damage occurs based on T  cell-mediated
neuroinflammation. Also, since (R)-ketamine was shown
to improve the clinical score of EAE by reducing the
pathological findings in the spinal cord in the EAE model,
it does not seem appropriate to use ketamine as an
anesthetic in the EAE model to demonstrate the effects of
the test agent (43). Although an EAE study reported that
sevoflurane, which is an inhaled anesthetic, suppressed
neuroinflammation by reducing T-cell functions (44), it
was reported that isoflurane is generally preferred in the
EAE model (43).

Traumatic Brain Injury

Traumatic brain injury affects approximately 50 million
people worldwide every year with a high morbidity and
constitutes a large portion of young adult deaths
worldwide (45). In a study conducted on rats, 50 mg/kg
ketamine and 0.5 mg/kg chlorpromazine, an antipsychotic,
were used to induce traumatic brain injury (46). It has been
shown that the narcotic analgesic fentanyl, an anesthetic
used in the management of traumatic brain injury, causes
more hyperglycolysis and death of hippocampal CAl
neurons than the inhaled sedative agent isoflurane (47). In
a study comparing inhaled isoflurane (5%) and fentanyl, it
was emphasized that isoflurane has neuroprotective effects
and this should not be overlooked when evaluating the test
substance (48). In a study comparing propofol and
isoflurane with hypothermia in traumatic brain injury in
rats, it was observed that isoflurane reduced cerebral
perfusion pressure and intracranial pressure more than
propofol, and it was emphasized that propofol should be
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preferred (49). It has also been observed that pentobarbital
injection (50 mg/kg) IP is preferred when inducing
traumatic brain injury (50).

Ischemic Stroke

It is a clinical condition characterized by sudden onset of
focal neurological deficits in a vascular region of the brain,
retina, or medulla spinalis, resulting from underlying
cerebrovascular pathologies. It is a cause of high morbidity
and mortality (51). Research on anesthetic drugs in
ischemic stroke is difficult because there are many
comorbidities depending on the patient's history. For this
reason, experimental ischemic stroke models are important
for anesthetic drug research (52). Isoflurane, a volatile
anesthetic, is frequently preferred because it provides
neuroprotection against excitotoxicity, ease of use, and
rapid recovery (53,54). However, these results caused by
volatile anesthetics used in experimental studies probably
lead to great confusion in the investigation of stroke
mechanisms and consequences (52). Among injectable
anesthetics, ketamine/xylazine, 80/20 mg/kg, (55) and
pentobarbital, 30 mg/kg, (56,57) are frequently used. The
therapeutic effects of ketamine (58) on ischemia should
not be forgotten when evaluating the results.

Ophthalmic Surgery

In models where ophthalmic surgical procedures will be
performed, ketamine/xylazine anesthesia is applied during
intravitreal implant injection (59). However, it should not
be forgotten that ketamine/xylazine anesthesia may increase
intraocular pressure (60) and cause hyperopia (61). It is
also known that IP injections cause corneal scarring (62).
Ketamine-methodimine is used for enucleation (63).
Isoflurane anesthesia is used to perform retroorbital
injection into the venous sinuses (64).

CONCLUSION

Failure to choose appropriate anesthetic drugs, failure to
determine the depth of anesthesia, and surgical
intervention at an inappropriate time might affect the
experimental results and cause unexpected results. For this
reason, during the experimental planning phase, which
anesthetic must be selected as well as the information of
the test substance must be considered. In this respect, it
must not be overlooked that the choice of the most
appropriate anesthetic might vary depending on the subject
of the study. Future studies to be conducted to determine
the appropriate anesthetic will make it easier for clinicians
to reach more accurate experimental results.
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ABSTRACT

Cancer remains one of the foremost challenges in medical research, necessitating diverse and
sophisticated models to understand its complexity and develop effective treatments. This
review explores the evolution and utility of experimental cancer models, highlighting their
pivotal role in bridging the gap between basic research and clinical application. From the
traditional use of xenografts, which provide a direct avenue for studying tumor growth and
drug response in a living organism, to the innovative approaches of genetically engineered
mouse models (GEMMs) that replicate human cancer's genetic and phenotypic traits, each
model offers unique insights into cancer biology. Recent advances have introduced organoid
models, offering a three-dimensional perspective that closely mimics the tumor's
microenvironment, and computational models, which leverage patient-specific data to predict
disease progression and treatment outcomes. These models enhance our understanding of
cancer's molecular drivers, facilitate the development of targeted therapies, and underscore the
importance of personalized medicine in oncology. Despite the diversity and potential of these
experimental models, challenges remain, including the replication of the tumor's complexity
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holistic view of cancer biology and treatment.
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organoid model; computational models; personalized medicine; tumor microenvironment.

0z

Kanser, tibbi arastirmalarda onemli bir zorluk olarak kalmaya devam etmektedir ve
karmagikligin1 anlamak ve etkili tedaviler gelistirmek icin gesitli ve karmagik modellere ihtiyag
duyulmaktadir. Bu derlemenin amaci, deneysel kanser modellerinin evrimini ve faydasini
incelemek ve temel arastirma ile klinik uygulama arasindaki boslugu kapatmada 6nemli rol
oynadiklarini vurgulamaktir. Timor biiylimesini ve ilag yamitim bir canli organizmada
calismak igin dogrudan bir yol saglayan ksenograftlarin geleneksel kullanimindan, insan
kanserinin genetik ve fenotipik ozelliklerini kopyalayan genetigi degistirilmis fare
modellerinin (genetically engineered mouse models, GEMMs) yenilik¢i yaklagimlarina kadar,
her model kanser biyolojisine benzersiz bir bakis sunmaktadir. Son dénemdeki ilerlemeler,
tiimoriin mikrogevresini yakindan taklit eden ii¢ boyutlu bir perspektif sunan organoid
modellerini ve hastalik ilerlemesini ve tedavi sonuglarini tahmin etmek i¢in hastaya 6zgii
verileri kullanan hesaplama modellerini tanitmustir. Bu modeller, kanserin molekiiler
etkenlerinin anlasilmasma yardimer olmakta, hedefe yonelik tedavilerin gelistirilmesini
kolaylagtirmakta ve onkolojide kisisellestirilmis tibbin 6nemini vurgulamaktadir. Bu deneysel
modellerin gesitliligi ve potansiyeline ragmen, tiimoriin karmagikliginin kopyalanmasi ve
bagisiklik sistemi etkilesimlerinin entegrasyonu gibi zorluklar devam etmektedir. Gelecekteki
aragtirmalar, tahmin dogruluklarmin artirilmasina ve giligli yanlarinin birlestirilmesine
odaklanarak kanser biyolojisi ve tedavisine biitiinsel bir bakis agis1 sunmak i¢in bu modellerin
iyilestirilmesine yoneliktir.

Anahtar kelimeler: Kanser deneysel aragtirma; ksenograft; genetigi degistirilmis fare
modelleri; organoid model; hesaplamali modeller; Kisisellestirilmis tip; tiimor mikrogevre.
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INTRODUCTION

In cancer research, in vitro cell cultures are frequently
utilized to reveal the biological behaviors of cancer cells (1).
However, studies conducted in cell cultures fall short in
addressing the impacts of cancer on human metabolism.
On the contrary, examining the local or systemic effects of
metabolism, the immune system response, angiogenesis, and
the effects of drugs to be used in the treatment of cancer, the
microenvironment, and other systems can only be accomplished
through animal models. The type of animal to be used and
the cancer models to be established have a wide spectrum.
Since the biology of each animal to be used is different
from one another, each subject can also be considered as a
control group in its own right. For this reason, the number
of animals to be used is kept to a minimum.

Mouse models, which can mimic many of the significant
characteristics of human tumors, are generally very
suitable models for cancer. In cancers developed in mice,
mechanisms similar to those in humans are observed in
terms of tumor behaviors such as metastasis development
or treatment response (2). Thanks to these small laboratory
animal models, the in vivo functions of cancer can be
provided based on quantitative data on both normal and
tumor tissue. In this way, the natural progression of the
disease and the effectiveness of treatment are monitored.
Creating cancer models in laboratory animals has certain
advantages and disadvantages. To discuss the general
advantages; the costs of frequently used small-sized animals,
such as mice or rats, are low and they are easy to maintain.
They reproduce and grow quickly, and their life span can
be monitored. Manipulations during the experiment are
easy. The complete genetic sequence and characterization
of the mouse are possible, and manipulation of the genome
is relatively easy. The physiology of mice is similar to that
of humans, thus enabling studies on drug pharmacodynamics
and pharmacokinetics. In contrast, the small size of tumors
in these animals can cause limitations in procedures such
as imaging methods. Their high metabolic rates can affect
the absorption and elimination of drugs and molecules.
The general ethical approach is to conduct experiments in
cell environments if possible, and in laboratory animals if
not, while working with the minimum possible number of
animals in regard to animal rights. Various biodistribution
methods make it possible to conduct an experiment with as
few animals as possible. Another critical issue is whether
the developed model accurately reflects the disease in
humans, highlighting the importance of selecting the
appropriate model.

Cancer biology varies from organ to organ and individual
to individual, making it impossible to address all cancers
with a single model. Therefore, different models must be
developed for each type of cancer. These models will have
various advantages and disadvantages, so it is crucial to
select suitable models for confirming the thesis. This review
aimed to explore the evolution and utility of experimental
cancer models, highlighting their pivotal role in bridging
the gap between basic research and clinical application.

XENOGRAFT MODELS

This model involves the transplantation of cancer cells or
tissues from humans into experimental animals. According
to some researchers, these models are considered a step
beyond tissue culture, described as "animal culture." Nude
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mice are generally used in these models. These mice are
immunodeficient animals with defective thymic epithelial
cells and a limited number of functional T and B cells.
Their lack of fur makes it easy to visualize or measure
tumors subcutaneously. Tumor implantation can be done
intraperitoneally, subcutaneously, intravenously,
intrathecally, into tissue, or into the tissue from which the
tumor originates. Xenograft models are simple and frequently
used models. Tumor cells are usually transplanted into a
region of the origin organ, providing a suitable
microenvironment for the growth and development of the
tumor cells. Since xenograft models use human-origin
tumor cells, they cannot be used to assess the initial stages
of the disease. The requirement for immunodeficient
animals means that aspects such as the immune system's
effect on cancer development and treatment response are
overlooked. The creation of immunosuppressed models
necessitates the isolation of these animals, thus xenograft
models come with disadvantages such as production
difficulty and high costs (3). These models are ideal for
testing new and personalized cancer therapeutics. These
models are divided into two categories based on how the
tumor sample from humans is obtained.

Orthotopic Xenograft Models

The impact of the microenvironment on tumor biology has
long been a subject of focus. In cancer treatment,
researching the effects, toxicities of drugs, or the response
of the cancerous organ to treatment necessitates the replication
of the microenvironment in animal models. These models
are created by the percutaneous implantation of a human
cancer tissue sample into the animal. The implantation is
done in the organ from which the tumor originates, thus
creating the most appropriate microenvironment. This
model is quite effective for developing personalized
treatments (4). However, there is a high possibility of the
human tumor cells being rejected by the host. To eliminate
this possibility, animals with suppressed immune systems
are used, which means the response of the immune system
to the tumor tissue is ignored.

Xenograft Models with Circulating Tumor Cells

In these models, instead of taking a tissue sample from
cancer patients, a blood sample is obtained. With the
sample, circulating tumor cells or circulating cancer DNA
is acquired and transferred to an immunodeficient animal.
The formation of these models does not require an invasive
procedure to obtain tumor samples, thus reducing the
potential for harming the patient. Simple blood sampling
allows for samples to be taken from the patient at different
times for replication. This way, the evaluation of the tumor
in humans at various developmental stages is possible (5).

SYNGENEIC MODELS

These models are created by transferring immunologically
compatible cancer cells to immunologically compatible
animals. They can be applied among beings of the same
species and with the same genetics. The creation of these
models is quite challenging, costly, and limited. A general
advantage of these models is the low probability of
immunological rejection of the injected cells by the
experimental animal's immune system due to
compatibility. This allows for more detailed studies related
to the microenvironment compared to other models.
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TRANSGENIC MODELS

In some experimental models, genetic modifications have
been made to animals to induce spontaneous neoplastic
growth. In these models, genes that initiate neoplasia are
transferred into the pronucleus of the animal zygote DNA
by microinjection. These genetically modified models
allow for the investigation of the effects of genetic
abnormalities on cancer development and progression. In
transgenic models, the transferred genes can be passed on
to the offspring. From the initial stage of the tumor, all
development processes can be monitored. These models
provide the opportunity to examine the pathogenesis of the
disease within a natural stroma and in the presence of a
natural immune system. They can be used to assess the
effect of hormones on the disease and the response to
chemotherapeutic agents.

GENETICALLY MODIFIED MODELS

These models use genetically modified animals designed
to mimic many pathophysiological characteristics related
to human cancers. With these models, chains of molecular
events causing cancer can be examined and replicated as
needed. For this purpose, methods such as physically
removing a gene from the genome (knock-out), blocking
its function with various agents, or physically adding a
gene into the genome (knock-in) can be used (6,7).

MODELS INDUCED BY CARCINOGENIC AGENTS
Cancer models in experimental animals can be created
using physical, biological, or chemical agents. Chemically
induced animal models are those created using
environmental factors effective in carcinogenesis in the
human population (8).

VARIOUS EXPERIMENTAL CANCER MODELS
Leukemia Models

From 1955 to 1970, many experiments induced leukemia
by administering 3-methylcholanthrene intraperitoneally
at 20 mg/kg to DBA-2 mice. However, the use of these
models has declined over time. One reason is that the leukemia
induced in experimental mice by these substances is not
phenotypically completely compatible with human leukemia.
Another reason is that disease development occurs in only
a small number of animals after a long delay when exposed
to the carcinogen. Whole-body irradiation with high doses
of gamma radiation or X-rays at once, or prolonged low
doses, can be used to induce leukemia or lymphoma
development in mice (9). Murine leukemia virus (MuLV)
is a virus frequently used to induce leukemia (10).

Lung Cancer Models

To create a xenograft lung cancer model in experimental
animals, tumor cells in suspension can be inoculated into
the right bronchial stump of the right lung under
anesthesia. The optimal number of tumor cells to be
transplanted ranges between 106-107, and the time
required for tumor development varies from 1 to 8
weeks (11). Cell lines such as A549, H1975, HCC4006,
and HCC827 can be used to create lung adenocarcinoma.
For large cell carcinoma, NCI-H460, and for squamous
cell carcinoma, NCI-H226 cell lines are utilized (12).
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Thyroid Cancer Models

Studies related to thyroid cancer are frequently conducted
using xenograft models, where tumor cells are injected into
immunodeficient mice. These models include cell-derived
xenograft models, patient-derived xenograft (PDX) models,
and genetically modified models (13). In cell-derived
thyroid cancer xenograft models, tumor cells developed
from cell lines such as 8505C, TPC-1, and FTC133 are
transplanted subcutaneously, orthotopically, or metastatically
into the animal (13). These models allow for the assessment
of cancer cell properties such as invasion, metastasis, or
angiogenesis. Instead of subcutaneous injection,
delivering 30,000 thyroid cancer cells intravenously or
intraventricularly to the mouse can rapidly create
metastasis models in bone and lungs (14). However,
models created using immunosuppressive mice lack
microenvironment effects such as tumor stroma relations
and the impact of the immune system on the tumor.
Patient-derived thyroid cancer xenograft models are
created by transplanting tissue or cells from human tumors
into immunosuppressed mice, creating a stroma-based
tumor environment. These models often use NOD/Shi-
scid/IL-2Rynull and NOD.Cg-Prkdcscidll-2rgtm1Wijl/SzJ
mice (15). Models that establish the microenvironment are
useful for researching new cancer drugs. Preclinical
studies of drugs like Obatoclax, LOX0-292, Sorafenib,
Lenvatinib, PLX51107, PD0325901, and Cabozantinib for
thyroid cancer treatment have been conducted using these
models (13). Genetically modified animal models are
increasingly used in thyroid cancer research to investigate
the roles of gene mutations, amplifications, deletions, and
translocations in tumor etiopathogenesis.

Papillary Thyroid Cancer Models

BRAFV600E mutations are observed in a significant
portion of human papillary thyroid cancer (PTC) cases and
are indicators of aggressive tumor behavior and poor
prognosis. Several mouse models have been created with
BRAF activation, with the simplest being transgenic
models targeting the BRAFV600E gene using the bovine
thyroglobulin (Tg) promoter (16). Using this method,
more than 90% of the animals can develop PTC within 12
weeks.

RET-PTCL tumor models are generated by delivering the
RET-PTCL transgene to the animal using the bovine (Tg)
promoter. In these animals, malignant thyroid overgrowth
develops from the 18" day of the embryo (17). RET-PTC3
tumor models, like other transgenic models, result in
thyroid hypercellularity in 69% of the animals within 3
months, creating solid PTC formations similar to those in
humans (18). About 10% of PTCs have RAS mutations,
and mouse models have been developed by transgenically
activating Ras gene isoforms in the thyroid gland (19).
Follicular Thyroid Cancer Models

Models developed to induce follicular thyroid cancer using
single transgenes like Ras-Rapl, PPFP, PTEN knockout,
Prkarla knockout, thyroid hormone receptor B, and
phospho-inositide-3-kinase  activation ~ have  not
successfully induced thyroid carcinogenesis. However,
DUAL-HIT models combining some of these genes have
achieved a higher rate of carcinogenesis. Notably,
combining PTEN knockout with the PPFP model has led
to the development of an aggressive phenotype of
follicular thyroid cancer within 5 months (20).
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Medullary Thyroid Cancer Models

In this model, excessive expression of the p25 gene
activates Cdk5 kinase, leading to phosphorylation and
inactivation of the Rb gene, resulting in the
development of medullary thyroid cancer in the animal
within 16 weeks (21).

Anaplastic Thyroid Cancer Models

Deletion of the PTEN gene and inactivation of the P53
gene in mice leads to the development of undifferentiated
thyroid cancer within 9 months from existing follicular
hyperplasia in 75% of the animals (22).

Breast Cancer Models

Chemically Induced Breast Cancer Models
N-methyl-N-nitrosourea (MNU) directly causes DNA
alkylation, disrupting DNA synthesis and repair.
Intraperitoneal, subcutaneous, or intravenous injections in
4-7 week-old rats can lead to the development of ER+/PR+
tumors (23). Studies have reported obtaining breast cancer
with single or double doses of 50-70 mg/kg.
2-amino-1-methyl-6-phenylimidazo [4,5-B] pyridine (PHIP)
is a heterocyclic amine containing methanol and dimethyl
sulfoxide (DMSO), found especially in fried foods, meat,
fish, or cigarettes. It affects the colon, prostate, and breast
tissues. Experimentally, breast cancer models can be
created by administering 80-100 mg/kg PHIP through
gavage four times a week for two weeks (24).
3-methylcholanthrene, a polycyclic aromatic hydrocarbon
compound, can induce breast cancer in rats after being
given 3-6 times through gavage at 10 mg/kg over 44-52
days (25).

7,12-dimethylbenz(a)anthracene (DMBA) is a polycyclic
hydrocarbon, and its single-dose application can lead to
breast cancer. DMBA is typically mixed with sesame oil,
olive oil, or directly into the stomach. Cancer develops
approximately 40 weeks after administering 50 mg/kg
DMBA in olive oil through gavage to rats. BALB/c 53-P
hemizygote mice can develop breast cancer 3-7 weeks
after being given 1 mg/kg DMBA in flaxseed oil for six
weeks (26).

Breast Cancer Model with Tumor Cell Xenografts

4T1 breast cancer cells, first isolated by Fred Miller and
colleagues, are transplantable cancer cells that can grow in
BALB/c hemizygote mice and tissue culture. Breast
cancers developed with this model possess highly
tumorigenic characteristics and unlike other tumor models,
can metastasize from the primary breast tissue to distant
organs such as lymph nodes, blood, liver, brain, lungs, and
bones, thus resembling human breast cancer in its
properties (27).

Radiation-Induced Breast Cancer Model

Breast tissue is sensitive to radiation. Calaf and Hei (28)
demonstrated that 30 cGy of radiation can lead to tumor
development in thymus-less mice.

Transgenic Breast Cancer Models

Mouse mammary tumor virus (MMTV) is among the
primary promoters used in transgenic breast tumors in
mice. This virus enters the mammary tissue with
lymphocytes, infects the mammary gland epithelial cells,
and thus initiates tumorigenesis (24).

Hepatocellular Carcinoma (HCC) Models
Experimental animals often utilize chemically induced
models,  genetically  engineered  models, and
transplantation models to create HCC.
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Chemically Induced HCC Models

Diethylnitrosamine (DEN) is the most commonly used
genotoxic chemical in HCC models. Besides the liver,
these substances can also induce cancer development in
the gastrointestinal system. A single intraperitoneal dose
of 5-25 pg/g DEN in 12-15 day-old B6C3F1 mice can
induce HCC. In older mice, hepatocarcinogenesis can only
be initiated with a co-carcinogen such as 2-AAF,
phenobarbital, N-nitrosomorpholine,  or  carbon
tetrachloride (CCL4) (29,30).

Carbon tetrachloride is a potent hepatotoxin that works in
two ways: it directly increases oxidative damage in
hepatocytes and disrupts cell membrane integrity,
leading to inflammation. The inflammation causes Kupffer
cells and stellate cells to secrete cytokines and
chemokines. Liver damage resulting from these processes
continues with tumorigenesis. Typically, liver fibrosis
development is observed 4-6 weeks after two weekly
intraperitoneal injections of 0.5-2 mL/kg (CCL4). After
this process, some animals only show fibrosis and
cirrhosis, while a significant portion develops HCC. The
combined use of CCL4 and DEN often results in HCC
development (30,31).

Thioacetamide (TAA) is well-known for creating liver
fibrosis models in rodents. Administering 100-200 mg/kg
TAA intraperitoneally three days a week for 3-4 weeks can
create this model. Also, adding 200 pg/L TAA to drinking
water for 6-18 weeks induces liver fibrosis (32,33).
Diet-Induced HCC Carcinogenesis Model

A cancer model can be created by adding methionine to
a diet deficient in choline. Diets deficient in choline and
L-amino acids can also induce HCC. A diet deficient in
choline and L-amino acids can lead to 100% cancer
development in rats and mice within 52 weeks (30).
Alcohol-Induced HCC Carcinogenesis Model

HCC can be induced in 16-week-old experimental mice by
administering alcohol for seven weeks followed by DEN
injection.

Oncogenic, Transgenic Mice in HCC

Downregulation of glycine N-methyl-transferase (GNMT)
is common in human HCC. In mice, GNMT knockout
(GNMT-/-) transgenic models can create chronic
hepatitis, fatty liver, and HCC models, developing
multiple HCC lesions up to 5 mm in size within 16 months.
These models are often used to identify biomarkers for
early diagnosis of hepatocarcinogenesis (34).
Cholangiocellular Carcinoma (CCA) Models
Chemically-Induced CCA Models

Administering the O. viverrini parasite intragastrically to
mice and adding 0.0025% dimethylnitrosamine (DMN) to
the drinking water after four weeks can induce CCA in
100% of the animals. Additionally, administering DMN to
Syrian hamsters with biliary duct ligation can induce CCA
in 40% of the animals (35).

Male albino rats given 0.03% TAA in their drinking water
for eight months develop cystadenomas, and after 12
months of TAA treatment, 100% of the subjects develop
CCA. The significant advantage of TAA animal models is
the initiation of carcinogenesis without surgical
procedures, though these models are primarily limited to
rats (36).

In rats, chronic use of high doses (8 mg/kg) of Furan for
15 months can lead to 98% CCA development (37).
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Cholestatic CCA Models

This model is achieved by ligating the left medial bile
duct (LMBDL), leading to cholestasis. Following ligation,
adding DMN to the treatment can induce CCA
development in 40% of the subjects after 40 weeks. In
another model, chronic cholestasis is induced by LMBDL
following bi-weekly intraperitoneal injections of DEN.
One week after LMBDL, mice are given DEN again in
corn oil via oral gavage. 28 weeks after these applications,
50% of the subjects develop CCA (35).

Xenotransplant CCA Models

Heterotopic CCA models can be created by injecting
human tumor cells or tissue subcutaneously into the flank
area of immunodeficient mice. These ectopic CCA
models allow for drug studies. However, the main
disadvantages of these models are the ectopic location of
the tumor ignoring microenvironment factors, and the
effects of the immune system due to the use of
immunodeficient mice (1).

Gastric Cancer Models

Chemically Induced Gastric Cancer Models

Various chemical carcinogens are utilized to explore the
mechanisms of gastric cancer development. Researchers
have particularly focused on N-nitroso compounds
produced by anaerobic bacteria in the stomach after the
intake of nitrates and nitrites, considered significant inducers
of human cancer. N-methyl-N-nitro-N-nitrosoguanidine
(MNNG) is the first nitrosamine shown by researchers to
induce stomach tumors in rats. Subjects exposed to 400
ppm MNNG in drinking water for 50 weeks develop
stomach adenocarcinoma in 63% of cases (38).

In a model developed with MNU, BALB/c mice receiving
weekly intragastric intubation of 0.5 mg MNU develop
squamous cell carcinoma in the fore-stomach, with most
subjects dying from this squamous cell carcinoma. However,
if the fore-stomach is surgically removed before MNU
treatment, well-differentiated stomach adenocarcinoma
develops in 100% of the subjects within 40 weeks (39).
Gastric Cancer Model Induced by Helicobacter Infection
Due to the key role of H. pylori infection in the etiology
and pathogenesis of gastric cancer, researchers have
developed gastric cancer models with Helicobacter
species. Gastric cancer development can be induced in
wild ferrets infected with H. mustelae and exposed to a
single dose of 100 mg/kg MNNG (39).

Gastric Cancer Model with Gastrin Knockout Mice
Many laboratories have reported that gastrin knockout
(GASKO or GAS-/-) mice are susceptible to stomach cancer.
Hypergastrinemic mice (INS-GAS) develop corpus cancers,
while GAS-/- mice develop antral stomach cancers (40).
Gastric Cancer Model with TFF1 Knockout Mice

In humans and mice, TFF1 (pS2) proteins are normally
expressed in the epithelial cells of the stomach mucosa.
This protein is abnormally expressed in various diseases
and cancers of the gastrointestinal tract. To elucidate the
function of TFF1, researchers have created TFF1-/- mice
by disrupting the TFF1 gene through homologous
recombination. These mice, lacking TFF1 expression,
display markedly elongated stomach folds and
hyperplastic gastric epithelial development, with 30%
developing multifocal intraepithelial or intramucosal
carcinomas (41). Additionally, there are many other
models used for gastric cancer development.
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Colorectal Cancer (CRC) Models

Chemically Induced CRC Models

For the induction of sporadic CRC in animal models, direct
inducers like azoxymethane (AOM) and indirect
carcinogenesis inducer 1,2-dimethylhydrazine (DMH) are
used. DMH is a specific pro-carcinogen agent for the
colon, activated in the liver and transported to the intestine
with bile. It promotes the production of free radicals
causing oxidative damage to the DNA of colon and liver
cells. In male Wistar albino rats, the subcutaneous
injection of 20 mg/kg DMH once a week for 12 weeks
leads to the development of colon adenocarcinomas after
an average of 8 months (44). AOM is an active metabolite
of DMH, primarily affecting organs like the liver, lungs,
and colon, with lesion occurrence proportional to exposure
time and administered dose (42).

CRC Model with Enema

This model involves the induction of transient colitis in
nude mice using a 3% dextran sulfate sodium (DSS)
enema, followed by the transanal transplantation of human
colon cancer cells (LS174T), leading to CRC
development. Two weeks later, a 95% tumor development
rate can be observed in the rectums, although significant
metastasis may not be observed (43,44).

Acetic Acid-Induced CRC Model

Irritation of the rectum with a 4% acetic acid solution for
two minutes, followed by washing of the distal rectum
with 6 ml phosphate-buffered saline, disrupts the epithelial
cell layer of the distal rectal mucosa. After these procedures,
a CRC cell line (CT-26) or human CRC cell line (HCT-116)
can be transanally transplanted to induce CRC (43).
Transanal Low-Dose Electrocoagulation Technique
CRC Model

In immunodeficient and nude mice, CRC can be
developed by transplanting human (LS-174T and HT-29)
and murine (CRL-2638 and CRL-2639) colon cancer cell
lines transanally after transanal low-dose mucosal
electrocoagulation. This technique results in CRC
development in 87.5% of mice (43,45).

Genetically Modified Animals in CRC Models

In the development of CRC, tumor suppressor genes such
as APC, DCC, p53, and MCC; oncogenes like K-ras, SRC,
and C-myc; DNA repair genes including hMSH2, hMSHS,
hMLH1, hPMS1, hPMS2, as well as DC44 and COX-2
genes play roles. Numerous genetically modified animal
models have been developed from these genes involved in
CRC development (43,46). APCmin animals are
genetically modified animals with a mutation in the APC
gene. "Min" stands for multiple intestinal neoplasia.
Similar to familial adenomatous polyposis cases, APCmin
animals develop colorectal adenomas but die within 120
days. Although the autosomal dominant mutation is lethal
for APCmin homozygote animals, heterozygote animals
develop tumors in the large and small intestines within 60
days (47). p53 gene knockout animals rarely develop
colorectal tumors. However, the combination of APCmin
and p53 knockout mutations leads to an abnormal increase
in crypt numbers compared to APCmin animals. Similarly,
administering AOM to APCmin and p53 knockout animals
can also lead to CRC development (43,48).

Metastasis Models

In experimental metastasis models, tumor cells are directly
applied to the systemic circulation of immunodeficient
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animals. Depending on the application site of the vessel,
metastasis develops. Injections into the mouse tail vein
result in lung or spleen metastasis; application into the
portal vein leads to liver metastasis; injection into the
carotid results in brain metastasis; direct injection into the
tibia or femur causes bone metastasis; intracardiac
application leads to bone and bone marrow metastasis. The
general advantages of these applications are their rapid
development and the elucidation of the biology of
metastasis. However, they do not provide information
about the early stages and initial phases of metastasis.
Experimental metastasis models are crucial tools for
understanding the complex processes involved in the
spread of cancer from a primary tumor to distant organs, a
hallmark feature of cancer progression. These models are
designed to mimic the dissemination of tumor cells
through the body, allowing researchers to study the
mechanisms underlying metastasis, evaluate the metastatic
potential of different cancer cell lines, and test the efficacy
of anti-metastatic therapies (49-51).

Injection Models for Studying Metastasis

1. Tail Vein Injection: This method involves injecting
tumor cells into the tail vein of immunodeficient mice,
leading to the development of lung and potentially
spleen metastases. It simulates the hematogenous
spread of cancer cells and is commonly used to study
lung metastasis mechanisms.

2. Portal Vein Injection: By injecting tumor cells into
the portal vein, researchers can specifically target liver
metastasis. This model is particularly relevant for
cancers known to metastasize to the liver, such as CRC.

3. Carotid Injection: Injection into the carotid artery
allows for the modeling of brain metastasis. This
approach is used to study cancers that have a
propensity to spread to the brain, including lung,
breast, and melanoma.

4. Direct Bone Injection: Tumor cells can be directly
injected into the tibia or femur to create models of
bone metastasis. This method is crucial for studying
bone-tropic cancers, such as prostate and breast cancers,
and understanding the bone microenvironment's role
in cancer metastasis.

5. Intracardiac Injection: This technique involves
injecting tumor cells into the left ventricle of the heart,
leading to widespread dissemination of cancer cells
and metastasis to bone and bone marrow, among other
sites. It is used to study the metastatic spread to
various organs simultaneously.

Advantages of Experimental Metastasis Models

* Rapid Development: These models allow for the
quick establishment of metastases, enabling timely
evaluation of therapeutic interventions.

+ Biological Insight: They provide valuable insights
into the biological processes of metastasis, including
tumor cell intravasation, circulation, extravasation,
and colonization of new tissues.

Limitations

« Lack of Early Stage Insights: While invaluable for
studying late-stage metastasis, these models do not
adequately represent the initial steps of the metastatic
process, such as local invasion and the early
interactions  between tumor cells and the
microenvironment of the primary site.
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« Artificial Circumstances: The direct injection of
tumor cells into circulation or specific organs may
bypass important natural barriers and interactions that
occur in spontaneous metastasis.

PATIENT-DERIVED XENOGRAFT (PDX) MODELS
Xenografts, derived from the Greek term "Xenos"
meaning foreign, are sourced from one organism and
transplanted into another. These grafts, which include
organs, tissues, or living cells, are predominantly
implanted in immunocompetent mice for research
purposes. Within cancer research, xenografts play a crucial
role in addressing fundamental questions by employing
animal models that closely mimic tumor progression
observed in human patients (52).

Models incorporating primary carcinoma tissues sourced
directly from a patient's tumor are established with
minimal passage numbers, specifically fewer than ten
transfers from human patients, to maintain the integrity of
the original tumor characteristics. These include cellular
heterogeneity, clinical biomolecular markers, malignant
genetic and phenotypic expressions, tumor architecture, and
vascular structure (52,53). The rationale behind developing
PDX models lies in the anticipation that they will enhance
preclinical evaluation, offering predictive insights into
the molecular biology of cancer-relevant to human
conditions and patient responsiveness to therapy (54).
PDX models have proven beneficial for examining cancer
metastasis, drug resistance, personalized medicine
approaches, and the preclinical discovery and testing of
novel anticancer drugs (55).

Primary or metastatic tumors are harvested via surgical or
biopsy techniques and conserved as intact tissue
structures (54). This extraction method enables the gradual
growth of tumor specimens in immune-deficient mice,
marking a pivotal shift towards utilizing patient-derived
tumor tissue xenograft models in the exploration of
anticancer drugs and therapeutic strategies (56).

The most common implantation site in mice is
subcutaneous (on the dorsal side), although orthotopic
implantation -transplanting into the same organ as the
original tumor- serves as a viable alternative for organs
like the pancreas, brain, oral cavity, ovary, and breast.
Efforts to implant tumors at the renal capsular site have been
made to increase engraftment rates, offering the advantage
of preserving tumor histology relative to the primary
sample across successive xenograft generations and
retaining original genetic and phenotypic traits (54,57).
Additionally, experimental metastasis models employ
controlled quantities of tumor cells for metastasis
induction. These models require a comparatively short
duration for metastasis development, allowing for
subsequent identification of metastatic sites (58).

The advancement of cancer drug development faces
challenges due to the lack of preclinical cancer models that
accurately replicate the clinical evaluation of significant
new compounds in human patients. These challenges are
being addressed through the use of patient-derived tumor
xenografts in immunocompetent mice (preclinical models)
such as nude mice, severe combined immunodeficiency
mice (SCID), nonobese diabetic (NOD)-SCID gamma
mice, recombination-activating gene (Rag), and NOD rag
gamma mice (52).
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An essential aspect of extensive preclinical studies using
PDX models is their capability to prioritize potential clinical
indications and contribute to the identification of potential
drug efficacy biomarkers. In CRC, studies indicate that
PDX models with Kirsten rat sarcoma (KRAS)-mutant do
not respond to cetuximab, making KRAS wild-type status
a well-documented biomarker for this therapy in preclinical
research. Similar observations apply to non-small-cell
lung cancer. PDX models also serve as adaptable tools for
modeling resistance in clinical treatment protocols,
notably in ovarian cancer where exposure to cisplatin
initiates resistance to the drug in platinum-sensitive
models, mirroring clinical outcomes. This model is
utilized to explore new therapeutic agents for use in
platinum-resistant patients (59). Breast cancer PDX
models effectively recapitulate various tumor biology
aspects, making them ideal for translational research
endeavors (60).

However, PDXs also have limitations, including differing
tumor microenvironments and the inability to undergo
genetic modifications or incorporate the immune system
due to their development in immunodeficient mice.
Consequently, they do not fully represent the host immune
system's role. Additionally, they are not suitable for testing
immunomodulatory approaches in cancer prevention,
lack feasibility for high-throughput drug screening, and
do not support biobanking due to genetic heterogeneity
and epigenomic instability (61).

GENETICALLY ENGINEERED MOUSE MODELS
(GEMMs) FOR CANCER RESEARCH

The inception of genetically engineered mouse models
(GEMMs) arose from the necessity to bridge the genetic
gap between xenografts and the human tumor's genetic
makeup. Recent technological advancements have
enabled researchers to precisely modify the mouse
genome to either conditionally or permanently alter the
expression of crucial genes responsible for tumor
development. GEMMs serve as pivotal tools in oncology
for delineating molecular pathways, allowing for the
manipulation of the genome to mimic the loss or gain of
function in oncogenes or tumor suppressor genes. This
manipulation directly correlates with tumor phenotype
manifestations, thereby validating significant genes as
therapeutic targets (52,62,63).

GEMMs have been employed for over two decades in
cancer research, primarily due to the mouse's genome
sharing a 99% similarity with humans. This, coupled with
the extensive molecular toolbox available and their small
size, makes mice an economical choice for large-scale
studies. Transgenic mice models provide an effective
platform for preclinical safety assessments and screening,
offering insights into gene functions linked to human
diseases and potential treatments (52,64).

Various types of GEMMSs have been utilized in
chemoprevention research. The initial models, or
oncomice, facilitated direct evaluation of specific gene
functions in tumor genesis. Subsequent generations, such
as those with targeted deletions of the Rb1 and Trp53
genes, displayed a spectrum of cancer phenotypes. More
sophisticated models include Cre-inducible gene targeting
and Tet-regulatable systems, allowing for precise control
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over gene expression and the modeling of human cancer
with high fidelity. These models include gain-of-function
tumor virus models and RNAI gene silencing for loss of
function, providing a dynamic approach to studying gene
expression levels (62,65,66).

The suitability of GEMMs for human disease research and
their predictive value for cancer prevention is paramount.
For instance, GEMMs of colon cancer are instrumental in
examining chemopreventive drugs' effects on tumors
originating from genetic mutations. Similarly, GEMMs for
mammary cancer have demonstrated the potential of
specific drugs to halt the progression to invasive
carcinoma. Nutritional interventions targeting different
molecular pathways have shown promise in prostate
cancer models, aiming to create more predictive models
for human preventive measures (63).

Despite their advantages, GEMMs are not without
limitations. They often focus on a limited number of genes,
not fully representing the complex heterogeneity of human
tumors. The development of GEMMs is time-consuming
and expensive, with variable and slow tumor evolution
compared to human cancers. Critics argue that the
relevance of GEMMs to human cancer is unproven, while
proponents believe that more appropriately designed
experimental conditions could enhance translational
research from GEMMs to human cancer. Essential
evaluation criteria for GEMMs include pathological
assessment, disease progression, tumor
microenvironment, molecular pathways, and
environmental factors (62,67,68).

Specific mutations in Kras and P53 in lung cancer
GEMMs have shed light on the NF«kB pathway's role in
tumor development, offering potential therapeutic targets.
In HCC, GEMMs have highlighted the importance of
genetic diversity in understanding tumor subtypes,
providing a platform for bench-to-bedside research,
especially with systems allowing for the controlled
overexpression of genes like MYC, relevant to human
carcinomas (69,70).

ORGANOID MODELS IN CANCER RESEARCH
Over the past decade, the advent of organoid technology
has transformed the landscape of primary and clinical
research in cancer. Organoids, essentially miniaturized
versions of human organs and tissues, accurately replicate
the functional attributes and architecture of specific
organs. Developed from cancer patient-derived tumor cells
placed in a tailored extracellular matrix and specific
culture media, cancer organoids offer a dynamic model
system (71). These organoids enable detailed molecular
and cellular studies, supporting the investigation into
cancer's origins and paving the way for new cancer
stratification methods for both conventional and targeted
treatments through early genetic, transcriptomic, and
biochemical profiling (52).

Organoids, embedded within a matrix, are cultures of
primary epithelial cells proliferating under the influence of
Whnt signaling and mitogens. Stem cells from tissues,
when embedded into a three-dimensional matrix, form
self-sustaining organoid structures (72). Patient-derived
organoids (PDOs) not only mirror the primary tumor's
structure but also preserve the genetic and expression
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profiles, including copy number alterations (CNAS),
transcriptional patterns, and mutation profiles. Despite
their detailed representation of various cancers such as
HCC, breast, pancreatic, and prostate cancers, PDOs
typically lack vital components like immune cells, blood
vessels, and stromal cells, posing a challenge for their
application in cancer immunotherapy (73).

The relationship between cancer and infectious agents, like
S. enterica in gallbladder cancer or H. pylori in gastric
cancer, can be elucidated through co-culturing organoids
with these pathogens. This approach has highlighted the
significant role of chronic H. pylori infection in gastric
cancer development, with microinjection of H. pylori
triggering robust inflammatory responses in the gastric
epithelium (73,74).

Organoids derived from healthy organs, through genome
sequencing of their clonal cultures, facilitate the analysis
of organ-specific mutation spectrums and intratumor
heterogeneity by developing clonal cultures from different
tumor areas. This genetic stability allows for the
examination of mutagenic processes over an extended
period (63). Comparative studies of lesions from the same
individual through organoid cultures help in understanding
tumor evolution, with sequencing confirming common
origins and shared driver mutations among organoids from
primary and metastatic lesions, indicating these mutations
preceded metastatic spread (73).

Organoids also serve as an invaluable tool for studying the
tumor microenvironment, exploring the supportive niche
created by malignant cells and their surrounding
environment, which opens avenues for therapeutic
targeting. Traditional in vivo models fall short in capturing
the intricate paracrine interactions within cancer organoid
cultures, necessitating the development of models that
simulate these interactions between cancer cells and the
tumor microenvironment (75).

Engrafting organoids into murine models establishes
organoid xenografts that enable in vivo studies of human
cancer biology, offering insights into malignancies like
breast and bladder cancer. For instance, orthotopically
transplanted pancreatic cancer organoids can recreate a
microenvironment closely resembling human pancreatic
cancer, overcoming limitations seen in GEMMs of colon
cancer, which typically develop tumors in the small
intestine. Orthotopic transplantation into the murine
cecum offers a more accurate model for colon cancer (76).
Despite their transformative impact on cancer research,
organoids have limitations, including the lack of a
complete microenvironment, restricting them to epithelial
layer studies. The development of non-epithelial organoid
cultures and overcoming challenges in drug response, gene
expression, and signaling pathways impacted by growth
factors are areas needing further exploration (77,78).

COMPUTATIONAL MODELING
TREATMENT AND RESEARCH

In the face of challenges such as tumor heterogeneity,
disease complexity, and inadequate clinical diagnostics,
leveraging  the unique genetic  constitution,
pharmacokinetic properties, and individual characteristics
of patients promises to refine therapy personalization for
tumor management. Personalized medicine, emphasizing

IN CANCER

Duzce Med J, 2024;26(S1)

Laboratory Animal Models for Cancer Research

treatments tailored to individual genetic profiles, is poised
to redefine future healthcare paradigms. The leap in
systems biology, alongside the surge in high-throughput
methodologies and the detailed analysis of various -omics,
has shifted the research landscape from traditional
hypothesis-led investigations to data-centric studies,
fostering the advent of precision medicine for complex
conditions like cancer (79).

Computational cancer modeling encompasses digital
simulations related to cancer therapies and tumor
biology (80). These models, applied extensively in cancer
diagnosis, monitoring, and growth prediction, utilize 3D
imaging for visual representations of tumors or tissues.
Despite their reliance on algorithms and diverse software
tools, these models face challenges in consistency and
replicability, unlike in vitro cancer models (81).
Currently, expansive computational models are under
development to decode signal transduction within human
cells, employing platforms like PyBioS3 for designing,
modeling, and simulating cellular systems. These models,
integrating around 50 cancer-associated signaling
pathways, draw on data reflecting the impacts of genetic
variations and drug mechanisms (82,83).

Personalized prognoses are rendered by customizing models
with next-generation sequencing (NGS) derived-omics
data, where biological data science furnishes essential
resources and effective tools for simulating biological
processes. This enables the construction of robust cancer
models based on experimental data, disease progression,
and therapeutic  strategies. Computational and
mathematical models elucidate cancer evolution, offering
insights into potential biomarkers within signaling
pathways and promising therapeutic targets. Cancer
signaling network models, grounded in time-lapse
experimental data on protein expression and activity,
support the validation of drug target effectiveness and
simulation forecasts (84).

Enhancing the translation of findings from cancer models
to patient care necessitates aligning experimental
outcomes with computational model predictions. For
instance, assessing drug effects in digital cell or animal
models, followed by model adjustments, allows for
personalized patient adaptation (83). Computational
systems further aid in cancer research and treatment by
facilitating image analysis and interpretation, with
computerized tomography recently proposed for assessing
personalized cancer responses (83).

Advanced computational models promise to refine
experimental designs, reducing reliance on animal
models, cutting costs, and enhancing the translational
relevance of research outcomes. These models offer
insights into molecular changes in disease pathways and
serve as effective screens for selecting promising
candidates, enriching our understanding of disease
mechanisms and drug responses (83).

However, current computational models do not capture
the full complexity of the biological systems they
simulate. A significant barrier to their application in
research and clinical settings is the accuracy of their
predictions. One approach to overcoming this challenge
involves simplifying models through reduction
techniques to manage the complexity and improve
predictive validity (83,85).
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CONCLUSION

In summarizing the extensive landscape of experimental
cancer models in laboratory animals, it becomes evident
that the field has made significant strides toward
understanding and combatting this complex disease. From
the utilization of xenograft models, which bridge the gap
between in vitro studies and human clinical scenarios, to
the sophisticated GEMMSs that offer a closer
approximation of human cancer genetics and behavior,
researchers have a broad arsenal at their disposal for the
exploration of cancer biology and the development of
therapies.

The advent of organoid cancer modeling and
computational cancer models further underscores the
rapid evolution of cancer research methodologies, offering
more personalized and precise insights into tumor
dynamics and treatment responses. Organoids provide a
three-dimensional, microenvironment-aware platform that
more accurately reflects the cellular complexity and
heterogeneity of tumors, enabling targeted therapy testing
and the study of cancer-stem cell interactions within a
controlled setting. Meanwhile, computational models
stand at the forefront of precision medicine, offering
predictive insights into cancer progression and treatment
outcomes based on individual genetic profiles, thereby
paving the way for customized patient care.

As we advance, the integration of these models -each with
its unique strengths and limitations- into a cohesive
research framework will be paramount. The synergy
between traditional in vivo models, innovative organoid
cultures, and computational simulations promises to
enhance our understanding of cancer's molecular
underpinnings, improve the efficacy of therapeutic
interventions, and ultimately, lead to more effective,
personalized cancer treatments.

The future of cancer research and treatment lies in the
continued refinement of these models, increased
collaboration between disciplines, and the integration of
emerging technologies. By leveraging the distinct
advantages of each model and addressing their respective
challenges, the scientific community can hope to unravel
the complexities of cancer, offering new hope for patients
around the world. The journey from bench to bedside,
while fraught with challenges, is illuminated by the
potential of these experimental models to transform cancer
diagnosis, treatment, and prevention, moving us closer to
the ultimate goal of curing this multifaceted disease.
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ABSTRACT

Respiratory diseases are among the leading causes of morbidity and mortality worldwide.
Various animal models are used to understand the pathogenesis of these diseases and develop
novel therapeutic strategies. Each model offers the opportunity to examine the multifaceted
nature of pulmonary health, from common afflictions such as asthma and chronic obstructive
pulmonary disease (COPD) to interstitial lung diseases. While these models provide a unique
opportunity to understand normal physiology and disease pathophysiology and to test potential
treatments for diseases, all animal models have inherent limitations. This review focuses on
experimental models of common respiratory diseases such as asthma, COPD, and pulmonary
fibrosis. The advantages, disadvantages, and translational potential to human disease of each
model are discussed. Asthma models include mice, guinea pigs, and Drosophila, while
elastase-induced emphysema, cigarette smoke exposure, and genetically modified mice are
used for COPD. For pulmonary fibrosis, bleomycin, adenoviral TGF-B1 vector, silica, and
genetically modified mice models are available. These models have provided valuable insights
into disease mechanisms and aided in identifying new therapeutic targets. However, it is
important to note that no single model fully recapitulates human disease, and each has its own
unique advantages and limitations. Therefore, careful consideration of the translatability of
findings from preclinical studies to humans is crucial.

Keywords: Experimental animal; lung diseases; pathogenesis.

0z

Akciger hastaliklari, diinya genelinde morbidite ve mortalitenin 6nde gelen nedenlerindendir.
Bu hastaliklari patogenezini anlamak ve yeni tedavi stratejileri gelistirmek igin ¢esitli hayvan
modelleri kullanilmaktadir. Her model, astim ve kronik obstriiktif akciger hastaligi (KOAH)
gibi yaygin rahatsizliklardan interstisyel akciger hastaliklarina kadar akciger sagliginin ¢ok
yonlii dogasini inceleme firsatt sunar. Bu modeller normal fizyolojiyi ve hastalik
patofizyolojisini anlamak ve hastaliklara yonelik potansiyel tedavileri test etmek i¢in essiz bir
firsat saglarken, tiim hayvan modellerinin dogasi geregi sinirlamalari vardir. Bu derlemede,
astim, KOAH ve pulmoner fibroz gibi yaygin akciger hastaliklarinin deneysel modellerine
odaklanilmigtir. Her modelin avantajlari, dezavantajlari ve insan hastaligma translasyonel
potansiyeli tartigilmaktadir. Astim modelleri arasinda fareler, kobaylar ve Drosophila
bulunurken, KOAH i¢in elastazla indiiklenen amfizem, sigara dumanina maruziyet ve genetik
olarak degistirilmis fareler kullanilmaktadir. Pulmoner fibroz i¢in ise bleomisin, adenoviral
TGF-B1 vektorii, silika ve genetik olarak degistirilmis fare modelleri mevcuttur. Bu modeller,
hastalik mekanizmalarma dair degerli bilgiler saglamis ve yeni terapdtik hedeflerin
belirlenmesine yardimci olmustur. Bununla birlikte, her modelin insan hastaligini tam olarak
yansitmadigi ve her birinin kendine 6zgii avantajlari ve sinirlamalari oldugu unutulmamalidir.
Bu nedenle, klinik oncesi calismalarda elde edilen bulgularin insanlara uygulanabilirligini
dikkatlice degerlendirmek dnemlidir.

Anahtar kelimeler: Akciger hastaliklari; deney hayvani; patogenez.
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INTRODUCTION

Animal models have been instrumental in investigating
normal physiology, the pathophysiology of diseases, and
testing the safety and efficacy of novel therapeutics in
preclinical studies (1). From commonly encountered
afflictions such as asthma and chronic obstructive
pulmonary disease (COPD) to the more nuanced realms of
interstitial lung diseases, each model offers a unique lens
through which we can examine the multifaceted nature of
pulmonary health. While these models provide a unique
opportunity to understand normal physiology, and disease
pathophysiology, and test potential therapies for diseases,
all animal models inherently possess limitations (2). The
first limitation is that the genetic and physiological
differences between experimental animals and humans can
lead to an incomplete replication of human diseases. For
instance, the lung structure and immune system of mice
differ from those of humans. Therefore, lung disease
models created in mice may not reflect all the
characteristics of the disease in humans. The second
limitation is that lung disease models created in
experimental animals may not fully reflect the progression
and severity of the disease. In humans, lung diseases often
develop over a long period, whereas in experimental
animals, this process can be accelerated. This can affect
the natural course of the disease and the response to
treatment. In addition to these limitations, ethical concerns
and the welfare of experimental animals should also be
considered. The use of experimental animals should be
reduced as much as possible and alternative methods
should be investigated (3).

In this review, it was aimed to write about different
experimental models of respiratory diseases aiming to
unravel the complex mechanisms underlying their
pathophysiology.

ASTHMA MODEL

Asthma, a global health issue affecting an estimated 300
million people across all ages, is characterized by
fluctuating respiratory symptoms like wheezing, shortness
of breath, chest tightness, and cough, alongside varying
limitations in exhaling air. The condition’s prevalence is on
the rise. This chronic inflammatory disease causes structural
changes in the airways, including increased mucus
production, tissue scarring, abnormal cell growth, and
enlarged airway muscles (4,5). Animal models play a crucial
role in deciphering the underlying disease mechanisms and
assessing the safety and effectiveness of potential new
therapies before they are tested in humans (6).

Various animal species have been utilized in experimental
asthma models, including Drosophila, rats, guinea pigs,
cats, dogs, pigs, primates, and horses. However, in the last
two decades, the most commonly studied species have
been mice, particularly BALB/c mice (7).

Drosophila Melanogaster

The respiratory organ of the fruit fly D. melanogaster is
the tracheal system, a network of epithelial tubes that
branch throughout the body, carrying gases to tissues and
organs. This network takes in gases from respiratory
openings called spiracles, which provide an external
connection to the system, and transports them to tissues
and organs through tracheal branches that branch out in
the body (8).
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In particular, the fruit fly Drosophila has been successfully
positioned as a genetically tractable model for studying the
molecular architecture underlying various chronic lung
diseases, such as asthma, COPD, and lung cancer.
Although insects share surprising commonalities with
human lungs in terms of structure, physiology,
organogenesis, and innate immune system, they have a
very simple, entirely epithelial airway system (9).

Guinea Pig

Guinea pigs do not naturally have asthma; however, they
are known to exhibit immediate hypersensitivity
reactions in their lungs (10). Ovalbumin (OVA) is
commonly used as a sensitizer in inducible animal models
(such as mice and rats) of T2-heavy asthma. Guinea pigs
can also be sensitized to OVA or other stimuli, triggering
IgE-mediated mechanisms similar to the human asthma
phenotype, with eosinophilia and increased airway
responsiveness (11).

OVA can be administered through various routes,
including peritoneal, subcutaneous, and aerosol forms.
Low-dose OVA (10 pg) can induce early asthmatic
responses (EARs) with IgE and 1gG1 production (12-13).
Higher doses (100 pg) can trigger both early and late
asthmatic responses (LARs) (11).

In asthmatic humans, acute allergic hypersensitivity
reactions in the airways (airway smooth muscle contraction,
eosinophil infiltration, airway hyperresponsiveness, and
mucus production) are partially mediated by activation of
histamine H1 and cysteinyl leukotriene (cysLT)-1
receptors. These receptor activations have also been
observed in guinea pigs (14). Due to these similarities,
guinea pigs have played a significant role in the
development of asthma treatments; for example,
leukotriene receptor antagonists (such as Montelukast) and
phosphodiesterase  (PDE3/4) inhibitors (such as
ensifentrine) have been developed in these models (3,11).
Despite their benefits, guinea pigs have some limitations
as an asthma model. They have obligate nasal breathing
due to their long soft palate, possess seven lung lobes with
a specific branching pattern, and their lung parenchyma is
more fragile than that of humans. Chronic asthma is
generally not inducible in guinea pigs, as they develop
tolerance to allergens and do not exhibit non-specific
hyperresponsiveness. Additionally, bronchoconstriction in
guinea pigs is mostly mediated by histamine, which limits
the translational value for human asthma since antihistamines
have limited efficacy in humans. Other challenges include
a longer gestation period and limited availability of
reactive and transgenic lines. Efforts are ongoing to
develop more assays, identify translatable markers, and
increase the availability of monoclonal antibodies to make
research in guinea pigs more feasible (11,15).

Mice Models

Mice, not prone to developing asthma naturally, require
artificial induction of asthma-like reactions for research
purposes. Acute allergic responses to inhaled allergens in
mice are commonly studied to understand the
immunological and inflammatory mechanisms underlying
asthma and identify novel targets for managing allergic
inflammation. Various allergens, such as OV A, house dust
mites, fungal extracts, and cockroach extracts, are utilized
depending on the specific condition being replicated (16).
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Allergens used in animal models are OVA, house dust
mites such as Dermatophagoides pteronyssinus (Der p)
or D. farinae (Der f), mite allergens (Der p 1, Der f 1,
Der p 23, etc.), fungi (Aspergillus fumigatus,
Alternaria alternata), cockroach extracts, Ascaris
antigens, cotton dust, ragweed and latex (Hevea
brasiliensis). The allergen selected depends on the
condition to be replicated and can be used individually or
in combination (17).

BALB/c mice, known for their tendency to develop a
strong T helper cell 2 (Th2)-biased immune response, are
the most frequently used strain in antigen-challenge
models (18). However, other strains like C57BL/6 and
AJJ have also been employed successfully (19). OVA,
derived from chicken egg, is a widely used allergen that
effectively induces allergic lung inflammation in
laboratory animals.

Mouse models for allergic asthma involve sensitizing the
animal to a foreign protein, typically OVA, through
intraperitoneal injections with an adjuvant to enhance
immunogenicity (20). Following sensitization, the animal
is challenged with further antigen exposure through aerosol
inhalation or nasal drip, triggering an inflammatory
response in the lungs. This response is characterized by
eosinophil influx, epithelial thickening, and airway
hyperresponsiveness. The specific methods used for
sensitization and challenge can vary among investigators,
but a typical approach involves two-spaced intraperitoneal
injections followed by a week of rest and then daily
exposure to 1% OVA aerosol for three days (21). Allergic
inflammation typically peaks one or two days after the
final challenge, although the precise time course of this
process remains incompletely understood.

Chronic allergen challenge models expose the airways to
low allergen levels repeatedly for extended periods, up to
12 weeks. These models often utilize various allergens,
including OVA, house dust mite extract, or grass pollen,
without always requiring adjuvant co-administration. They
simulate long-term allergen exposure and its effects on
airway inflammation and remodeling (22-24).

While mouse allergen challenge models are invaluable in
asthma research, the complex and diverse nature of asthma
makes it unlikely that any single model can fully
recapitulate the clinical disease. Therefore, studies focus
on modeling specific asthma phenotypes rather than
attempting to replicate all features of asthma in a single
model. This approach allows for targeted investigation of
particular disease mechanisms and potential therapeutic
interventions.

e Acute Allergen Challenge Models: These are
commonly used to investigate lung inflammation and
airway hyperresponsiveness. However, they have
limitations, particularly in relating findings to chronic
asthma.

o Chronic Allergen Challenge Models: These appear to
be able to reproduce some features of chronic asthma.
This allows them to address fundamental questions
regarding both the pathogenesis of asthma and new
therapeutic approaches.

Both acute and chronic allergen challenge models have
limitations that need to be considered when integrating
findings from the animal model into human disease. These
limitations include:
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e The lung structure of mice differs from that of humans.
e The mouse immune system responds differently from
the human immune system.
e Mouse models may not fully reflect environmental
factors.
Therefore, while mouse allergen challenge models are an
important tool in asthma research, careful consideration
must be given to how the results translate to human
disease (16).

CHRONIC OBSTRUCTIVE
DISEASE MODEL

COPD is a debhilitating, progressive lung disease
characterized by breathing difficulties, chronic
inflammation, and tissue breakdown. Due to ethical
considerations, animal models are indispensable in COPD
research involving human subjects. These models enhance
our understanding of COPD's underlying mechanisms,
including its physiology, pathophysiology, and treatment
responses. While not perfectly replicating all aspects of the
human disease, animal models provide valuable insights
into the processes involved in COPD (25).

Various approaches exist to simulate COPD in animal
models. These include exposing animals to cigarette
smoke (the primary cause of COPD), inflammatory stimuli
like lipopolysaccharide, proteolytic enzymes such as
elastase, and genetic modifications. The choice of model
depends on the specific research goals (26-28).

The subsequent discussion will delve into the diverse
models employed in COPD research.

Elastase-Induced Animal Model of Emphysema

Since the 1970s, the role of elevated protein breakdown
in COPD's development has garnered significant
research interest. In COPD patients, an imbalance exists
between protein-degrading elastases (MMP family) and
anti-elastases in lung tissues. Excessive elastase release
from inflammatory cells can damage the lung
parenchyma, leading to emphysema. Notably, genetic
alpha-1-antitrypsin deficiency, which disrupts the
elastase-antielastase balance, has been directly linked to
emphysema-like changes (29,30).

To model emphysema, a simple and cost-effective method
involves instilling elastase drops into the trachea. This
approach disrupts the protease-antiprotease balance in
lung tissue, both removing protective factors and
generating numerous inflammatory factors, thereby
accelerating alveolar wall rupture and fusion, ultimately
leading to emphysema. Commonly used elastases in this
model include:

Papain

A plant-derived proteolytic enzyme and the first elastase
used to create an emphysema model. In the 1960s, a
successful rat emphysema model was first created using
papain. Although the use of different doses of papain was
tried in subsequent studies, no significant difference was
found between doses. Therefore, the instillation of 2 mg/kg
papain into the trachea in a single dose has been accepted
as a relatively suitable method (31).

Porcine Pancreatic Elastase (PPE)

Commonly used to create emphysema models in animals,
PPE is obtained from porcine pancreas. PPE not only acts
as a protease, disrupting the protease-antiprotease balance
but also acts as an oxidant, causing oxidative stress.

PULMONARY
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Thanks to this dual effect, the alveoli expand significantly
in the experimental animal model. Therefore, PPE is often
used to create emphysema. Usage doses vary between 6
and 24 U. Methods for creating emphysema with PPE
generally include intratracheal instillation, tracheotomy
injection, and atomizer inhalation. It usually takes 4 to 6
weeks to create emphysema-like changes with these
methods (30,32).

Human Neutrophil Elastase (HNE)

A serine protease that plays an important role in the
inflammatory process of COPD. Protease/anti-protease
imbalance causes excessive hydrolysis of elastin and
structural proteins that give elasticity to lung tissue by
extracellular HNE. Since HNE's ability to enter the
alveolar septum and break down elastic fibers is weak, it
is rarely used to create emphysema today (33).

While papain is the earliest method used, PPE is more
commonly preferred due to its ease of use and
effectiveness. HNE is not preferred due to its weak
efficacy (30)

Emphysema Model Creation with Cigarette Smoke
Exposure

In the realm of COPD research, cigarette smoke exposure
holds significant importance, as approximately 90% of
COPD patients are smokers. Cigarette smoke exposure is
a major risk factor for emphysema, and animal models
employing cigarette smoke exposure have been
instrumental in understanding its development.

In 1990, Wright et al. (34) first succeeded in creating a
guinea pig emphysema model through cigarette smoke
exposure. They found that long-term smoking caused
changes in the center of the lobules, creating emphysema,
as in humans. Long-term cigarette smoke exposure in
animals can cause an inflammatory response in the lungs,
mostly consisting of macrophages (35). As a result, the
bronchial lumen narrows and the bronchial cartilage tissue
is damaged. This leads to alveolar rupture, fusion, and
emphysema formation, just as in humans exposed to
cigarette smoke. Passive smoking-induced emphysema
can mimic the pathogenesis of human emphysema as
closely as possible and provide a basis for basic and
clinical research on human emphysema.

The airway and lung structures of experimental animals
differ between species and from humans. Guinea pigs are
among the most sensitive animals to cigarette smoke. Rats,
on the other hand, show some resistance to cigarette
smoke, but there are also differences in sensitivity between
different rat species. The experimental duration for a
passive smoking-induced COPD animal model is
relatively long and its stability is also relatively low (36).
Cigarette smoke exposure can be broadly classified in two
ways; the first method is the partial exposure (nose or head
only) method. van der Strate et al. (37) studied C57BL/6J
mice that inhaled cigarette smoke through their noses
twice a day, 2 cigarettes each time, 10 puffs per cigarette.
The results showed that pulmonary alveoli expanded with
increasing exposure time. At the same time, B
lymphocytes in the lung tissues of smoking mice
increased, similar to those seen in human emphysema.
The other method is the whole-body exposure method (38).
In this method, the experimental animal is placed in a box
completely filled with smoke. Valenca et al. (39) exposed
C57BL/6 mice to cigarette smoke 3 times a day, 3
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cigarettes each time. After 60 days, emphysema-like
changes were observed in the lungs, with increased
alveolar macrophages, extracellular matrix changes, and
increased MMP-12 expression.
The passive smoking method is quite popular due to its low
cost, simple application, high success rate, and elimination
of experimental differences in a more objective
environment. The duration of cigarette smoke exposure in
the experimental emphysema model may vary depending
on various factors such as the type of cigarette used, the
method of exposure, duration and frequency, smoke
density, and the species and age of the animals.
Animal Models of Chemical-Induced Emphysema
Many chemicals common in air pollution, such as nitric
oxide (NOy), can cause emphysema and inflammation in
animals. These chemicals include:

e Nitric Oxide (NO2)

e Lipopolysaccharide (LPS)

e Ozone (O3)

e Cadmium chloride (CdCly)

¢ Hyaluronidase enzyme (intravenous injection)

¢ Ovalbumin dust (inhalation)

Nitric Oxide (NOz2)

In an experimental setting, emphysema can be induced in
animals by controlling the NO; concentration and
inhalation duration. Wegmann et al. (40) observed that
long-term exposure of mice to 20 x 106 volume ratio NO»
for 14 hours a day for 25 days resulted in emphysema due
to oxidative stress.

Lipopolysaccharide (LPS)

Lipopolysaccharide primarily causes inflammation in
airway and lung tissue by stimulating neutrophils,
monocytes, and endothelial cells. These cells secrete a
series of inflammatory mediators such as TNF-o, IL-1, and
trigger protease-antiprotease imbalance, leading to
emphysema (41).

Cadmium Chloride (CdCly)

Snider et al. (42) created an animal model of emphysema
by instilling 0.5 ml of 0.025% CdCl, solution into the
trachea of golden-mantled ground squirrels in a single
dose.

Gene-Knockout Animal Models of Emphysema
Advancements in molecular biology and the Human
Genome Project have enabled scientists to explore the
intricate relationship between genes and diseases, leading
to the development of emphysema animal models through
genetic manipulation. By editing genes related to
emphysema, researchers hope to uncover new insights into
this complex condition.

Spontaneous emphysema, initially discovered in spotted
mice in the 1970s, has been linked to abnormal connective
tissue mechanisms and cross-linking of collagen and
elastin. Long-term animal experiments have identified
spontaneous emphysema in various mouse strains,
including Tit-skin, Beige, Blotchy, and Palliad mice (43).
With the advancement of molecular biology, emphysema
animal models created using gene knockout methods are
widely utilized in emphysema research. In recent years, an
increasing number of studies have employed gene
knockout techniques to replicate animal models (30).
Liang et al. (44) found that mice with a knockout of the
Abhd2 gene exhibited emphysema-like changes in the
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lungs due to excessive inflammation cytokines and
protease gene expression, increased macrophage numbers,
abnormal apoptosis, and resistance to the deficiency or
loss of protease inhibitors. The models showed a similar
progressive emphysema development in formation,
development process, and clinical pathology. Therefore,
examining the genetic susceptibility and environmental
factors of emphysema is of great importance.

ANIMAL MODELS FOR
PULMONARY FIBROSIS (IPF)
Idiopathic pulmonary fibrosis (IPF) is a chronic, incurable
lung disease characterized by fibrosis (stiffness),
inflammation, and tissue damage in the lungs (45).
Damage to the alveolar epithelium and abnormal wound
healing are key factors in the disease's progression. IPF
typically affects individuals around 65 years old, with a
3-5 year survival rate post-diagnosis and an estimated
annual incidence of 5.6 per 100,000 people (46).

While the exact causes of IPF remain elusive, a
combination of genetic and environmental factors is
suspected. Continuous micro-injuries to the aging alveolar
epithelium disrupt epithelial-fibroblast communication,
triggering myofibroblasts to produce and activate
collagen-rich extracellular matrix. This excessive matrix
accumulation leads to irreversible alveolar collapse,
impairing gas exchange and making breathing difficult. In
the absence of a cure, treatment focuses on slowing
fibrosis progression, maintaining comfort, and providing
palliative care in advanced stages (47,48).

Given the lack of curative options, further research using
animal models that closely resemble human IPF is crucial
for developing potential therapies. While spontaneous
pulmonary fibrosis in domestic animals like cats and dogs
offers some insights, rodent models remain essential for
investigating disease pathogenesis and conducting
preclinical therapeutic evaluations. A variety of
established and emerging experimental models provide
valuable information about disease mechanisms, aiding in
the identification of novel therapeutic targets for clinical
trials.

Bleomycin Model

Bleomycin, a chemotherapeutic antibiotic derived from
the bacterium Streptomyces verticillatus, is utilized in
cancer treatment but carries the risk of acute lung damage
and fibrosis as adverse effects in humans (49). While
effective against cancer, it can also induce scar tissue
formation in the lungs.

The bleomycin model, an animal model employed to study
lung fibrosis, presents a combination of strengths and
weaknesses. Recognized by the ATS workshop as the most
well-established model for preclinical testing, it offers
researchers a reliable tool for obtaining consistent results
(50). Bleomycin inflicts damage upon lung cells, swiftly
triggering inflammation and fibrosis through an initial
surge in proinflammatory cytokines, followed by an
increase in profibrotic factors. The effects of fibrosis
become evident within a week and peak in 3-4 weeks.
However, a notable limitation is that bleomycin-induced
fibrosis is transient and histopathologically distinct from
the persistent fibrosis observed in human IPF (51).

Mouse responses to bleomycin exhibit genetic variations,
mirroring the diversity seen in humans. For instance,
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C57BI/6 mice demonstrate greater susceptibility compared
to Balb/c mice, likely due to differences in cytokine and
protease expression patterns (52). Most research utilizes
young mice aged 8-12 weeks, corresponding to human
puberty. Notably, male mice are more susceptible to
bleomycin-induced lung injury than females, similar to the
pattern observed in humans, although the underlying
mechanisms remain incompletely understood (53).
Inhalation (intratracheal) is the most prevalent and
well-established method of bleomycin administration,
favored for its ease of use and ability to confine lung
damage to the lungs, mimicking the human disease. However,
alternative routes such as intraperitoneal, subcutaneous,
and intravenous administration exist (50).

In the bleomycin model, interventions during the
inflammatory phase predominantly exert anti-inflammatory
effects and are considered "preventive treatment." To
investigate the "therapeutic” effects of antifibrotic agents,
intervention after the inflammatory period (usually after
day 7) is recommended, highlighting the importance of
optimizing treatment timing in this model. This
recommendation aligns with those put forth by the
European Respiratory Society Task Force for optimizing
experimental models of lung diseases (Figure 1, 54).
Interestingly, Peng et al. (55) reported that repeated low-
dose intratracheal bleomycin administration could
potentially induce irreversible lung injury lasting 24
weeks. However, this approach is impractical for most
studies due to high mortality rates, cost, and time
constraints. Therefore, factors like administration route,
intervention timing, and fibrosis persistence warrant
careful consideration to maximize the effectiveness of
the bleomycin model in developing treatments for
pulmonary fibrosis.

Adenoviral TGF-pB1 Vector Model

In this model, an adenovirus acts as a carrier to deliver the
TGF-B1 gene to lung cells. TGF-B1, a protein pivotal in
lung fibrosis, is produced by lung cells due to the introduced
gene, ultimately leading to fibrosis development.

Importantly, TGF-B1 plays a crucial role in IPF.

Inflammation
“Preventive”
Drug Drug
Day -3 Day 0 Day3 Day9 Day 14 Day 20

Figure 1. Bleomycin administration triggers an acute
inflammatory response for up to 8 days, followed by
fibrogenic changes and matrix deposition leading to lung
structure distortion out to 28 or 35 days. Treatments within
the initial 7 days are considered "preventive," while
interventions after days 7-10 are deemed "therapeutic" (54).
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The adenoviral TGF-B1 model offers a more accurate
representation of the fibrosis environment compared to the
bleomycin model. Unlike the bleomycin model, where
fibrosis resolves over time, fibrosis in this model persists
for an extended period, up to day 64, mirroring the
persistent nature of fibrosis in IPF (56).

Intratracheal administration of AJTGF-B1 triggers high
expression levels of activated TGF-B1, resulting in mild
initial inflammation and rapid lung fibrosis. Notably, this
model also induces pulmonary hypertension in rats, a
common and severe complication in IPF patients with a
poorer prognosis. Consequently, this model proves
valuable for investigating the pathogenesis of pulmonary
hypertension secondary to pulmonary fibrosis (57).
Genetically Modified Mouse Models of Lung Fibrosis
Genetic predisposition plays a significant role in the
development of lung fibrosis. Mutations in genes such as
surfactant protein-C (58), surfactant protein-A (59),
telomerase reverse transcriptase (TERT), and telomerase
RNA component (TERC) have been associated with
familial interstitial pneumonia (FIP), a hereditary form
of lung fibrosis (60). Genetically modified mouse
models, based on known FIP mutations or common alleles
found in IPF, offer valuable insights into the pathogenesis
of this disease.

Silica Model

Inhalation of silica (quartz) dust is a known cause of lung
fibrosis in humans, making silica administration a widely
used method in animal models of the disease (61). Silica
particles are believed to induce fibrosis through their uptake
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ABSTRACT

The human brain is a structure that controls billions of neurons and trillions of connections.
Having a unique anatomy with countless neurons and connections makes its understanding
even more complex. The brain, divided into different regions for specialized functions such as
memory, movement, sensation, and emotions, holds great significance in human cognition and
behavior. Centuries of research, coupled with advancements in technology, have propelled
neuroscience forward, facilitating the understanding of the neurological, behavioral, and
structural characteristics of the brain. Developing treatments for neurological disorders such
as Alzheimer's, Parkinson's, multiple sclerosis, amyotrophic lateral sclerosis, migraine,
epilepsy, and schizophrenia as well as understanding the complex mechanisms of these
diseases, require the exploration of new treatment methods, drugs, and products through direct
experimentation on humans, which raises ethical concerns. Therefore, experimental animal
models are needed in the treatment of neurodegenerative diseases. There are currently many
experimental animal models developed to elucidate the pathophysiological characteristics of
neurological disorders. The aim of this review was to summarize the experimental models of
neurodegenerative diseases developed today in sections. While recognizing that an
experimental animal model may not fully replicate the disease process in humans, it can at
least provide guidance in understanding the disease.

Keywords: Neurological diseases; experimental animal models.

oz

Insan beyni, milyarlarca néronu ve trilyonlarca baglantiy1 kontrol eden bir yapidir. Essiz bir
anatomiye sahip olan bu yapinin sayisiz néron ve baglantiya sahip olmasi, onun anlagilmasini
daha da karmasik hale getirmektedir. Hafiza, hareket, duyu ve duygular gibi 6zellesmis
fonksiyonlar i¢in farkli bolgelere ayrilmis olan beyin, insanin bilis ve davranisinda bityiik
oneme sahiptir. Yiizyillardir siiren aragtirmalar, teknolojinin de gelismesiyle sinirbilimini
ileriye tasimig, beynin norolojik, davranigsal ve yapisal Ozelliklerinin anlagilmasini
saglamigtir. Alzheimer, Parkinson, multiple skleroz, amyotrofik lateral skleroz, migren,
epilepsi ve sizofreni gibi norolojik bozukluklara yonelik tedavilerin gelistirilebilmesi ve
hastaliklarin karmasik mekanizmalarmin anlasilmasi i¢in yeni tedavi yontemlerinin, ilag ve
tiriinlerinin dogrudan insanlarla galisilmasi etik sorunlar doguracagindan nérodejeneratif
hastaliklarin tedavisinde, deneysel hayvan modellerine ihtiya¢ duyulmaktadir. Norolojik
bozukluklarin fizyopatolojik 6zelliklerini aydinlatmak i¢in hali hazirda gelistirilmis birgok
deneysel hayvan modeli mevcuttur. Bu derlemenin amaci, Qiiniimiizde gelistirilen
norodejeneratif hastaliklara yonelik deneysel modellerin boliimler halinde 6zetlenmesidir. Bir
deneysel hayvan modeli insandaki hastalik siirecini tamamen karsilayamasa bile en azindan
hastaligin anlasilmasinda yol gosterici olabilir.

Anahtar kelimeler: Norolojik hastaliklar; deneysel hayvan modelleri.
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INTRODUCTION

Neurological diseases encompass a wide range of
disorders characterized by various abnormalities in the
nervous system. These diseases affect the functions of the
brain, brainstem, spinal cord, and other nerves, deeply
impacting individuals' quality of life (1). Experimental
animal models are frequently utilized to understand the
complex mechanisms of neurological diseases and to
develop treatment methods (2). In this review, basic
information and disease pathophysiology of Alzheimer's,
Parkinson's, multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS), migraine, epilepsy, and schizophrenia
were mentioned under the main heading, with
experimental animal models developed in recent times
summarized under a subheading.

ALZHEIMER’S DISEASES AND MODELS
Alzheimer's disease (AD) is a prevalent neurodegenerative
disease worldwide that leads to progressive dementia. In
the clinical presentation of AD, a decrease in memory,
language, judgment, and behavior is observed, while in its
pathophysiology, mitochondrial dysfunction, hormonal
imbalance, calcium dysregulation, increased oxidative
stress, and neuroinflammation are seen (3). The disease
exhibits variability in its onset, progression, and pathology,
and it is classified as early-onset and late-onset (4). The
specific markers of AD are neurofibrillary tangles
composed of amyloid-beta (AP) plaques and
hyperphosphorylated  tau  proteins. Ap  triggers
mitochondrial oxidative stress, leading to disruptions in
the electron transport chain and abnormalities in calcium
regulation, resulting in increased harmful radicals and
decreased ATP production. The decreases observed in the
levels of enzymes related to energy metabolism in the
brain cells of AD patients have been reported to lead to
protein/DNA alterations and neuronal death (5,6). The
most commonly used animal species in modeling AD are
mice, however, the use of rats is also mentioned (7). In
modeling, both transgenic and non-transgenic species are
used. Transgenic models include those featuring amyloid
precursor protein (APP), tau protein, and transgenic
models capable of expressing both. Among non-transgenic
models, there are induced models using substances such as
streptozotocin, amyloid, colchicine, aluminum, zinc, and
lipopolysaccharide (LPS) (6,7).

Transgenic AD Models

To model certain features of AD, transgenic animal models
have been generated by incorporating mutant genes into the
existing genetic structure or by modifying genes. Mice are
the most commonly used species for transgenic modeling
due to their ease of manipulation and accessibility.

APP transgenic AD model

The overexpression of APP leads to the release of
harmful AP peptides, causing damage to neurons.
Although dense plaques, gliosis, and early spatial memory
impairment are exhibited in the cortex and hippocampus
regions of this model, it does not sufficiently mimic the
symptoms of AD (7,8).

Tau protein transgenic AD model

In this model, which can mimic some aspects of early-onset
AD, excessive phosphorylation of the tau protein is
induced. Excessive phosphorylated tau inhibits axonal
transport, leading to the formation of tangled structures in

Duzce Med J, 2024;26(S1)

Animal Models in Neurological Diseases

the soma and dendrites of neurons. These alterations in AD
significantly impair cognitive functions by affecting vital
brain regions for learning and memory (7).

APP and Tau double transgenic AD model

This model involves genetically modifying animals to
express both mutant forms of the APP and tau protein, thus
enabling to explore the interactions between APP and tau
and their roles in the development and progression of AD.
However, while this model replicates some aspects of the
disease, it may not fully capture the entire spectrum of AD
pathology seen in humans (9).

Non-transgenic AD Models

Streptozotocin-induced AD model
Intracerebroventricular (ICV) injection of streptozotocin
triggers free radical formation and significantly affects rat
cognitive function. Developing AP and tau neuropathology
with the ICV infusion model takes time (10).

Ap-induced AD model

AP oligomers are derived from the breakdown of APP and
are associated with neuronal damage, cognitive impairment,
and memory loss. AP administered via the ICV route triggers
inflammatory processes, disrupts calcium balance, increases
the release of reactive oxygen species (ROS), triggers
DNA/protein alterations, mitochondrial dysfunction, and
various neurotoxic mechanisms such as apoptosis (11). The
model not only exhibits AD-like behavioral abnormalities
but also displays the AP pathology shared by both familial
and sporadic AD, which is a common feature (12).
Colchicine-induced AD model

When colchicine derived from certain lily plants is applied
to the brain, it triggers excessive free radical production
and causes DNA damage, particularly affecting
hippocampal cells and pathways severely. This condition
leads to cholinergic neuron loss, decreased learning
ability, and memory loss. However, the neurotoxic
mechanism of colchicine is not fully understood (13,14).
Aluminum-induced AD model

When aluminum salts are administered intracerebrally or
peripherally, they trigger the formation of neurofibrillary
tangles. The neurodegenerative effect of aluminum varies
depending on the route of administration, type of salt, animal
species, dosage, and duration of exposure, but aluminum
levels in the brain increase with age. Accumulated aluminum
in neurons interacts with tau proteins, contributing to the
neurofibrillary pathology of AD (15,16).

Zinc-induced AD model

Zinc, which is important for growth, cognitive functions,
and neurotransmission regulation, is abundantly present in
the hippocampus and cortex brain regions. Positioned in
synaptic vesicles, zinc is released excessively into the
synaptic cleft when cellular function is disrupted, leading
to the generation of ROS and affecting enzymes and
cellular respiration. This ultimately leads to the activation
of apoptosis and consequently neuronal loss. Zinc has a
role in AP accumulation, hence its effect in AD (17).
Lipopolysaccharide-induced AD model

The LPS present in the structure of gram-negative bacteria
strongly stimulates microglia and astrocytes, triggering the
production of endogenous IL-1 and beta-APP. This
inflammation, responsible for neuronal degeneration in
brain regions and affecting spatial memory, is used in AD
research (18).
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PARKINSON’S DISEASES AND MODELS
Parkinson's disease (PD) is a late-onset, progressive
neurodegenerative disorder characterized by four primary
motor symptoms (resting tremor, rigidity, bradykinesia,
and postural instability). The disease is associated with
degeneration of nigrostriatal dopaminergic neurons and the
presence of Lewy bodies (containing alpha-synuclein and
ubiquitin) (19). In PD, treatment aims to manage
symptoms, and for a long time, levodopa, a precursor to
dopamine, has been used. In animal modeling using rodents
to test new treatment strategies for PD, neurotoxic models
stand out more prominently compared to genetic models.
Neurotoxic agents such as 6-OHDA (6-hydroxydopaming),
MPTP  (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine),
rotenone, paraquat, and LPS are frequently used in a
disease that typically manifests with late-onset symptoms
in about 90% of cases (20). Additionally, models induced
by medications such as haloperidol, fluphenazine,
reserpine, and methamphetamine are observed (21).
Toxin-induced PD Models

6-OHDA-induced PD model

6-OHDA is similar to endogenous catecholamines and
accumulates pathologically in catecholaminergic neurons when
exposed. Neurotoxic effects emerge due to oxidative damage.
Damage to the dopaminergic pathway induces asymmetric
rotation in subjects, allowing the study of PD (22).
MPTP-induced PD model

The lipophilic MPTP is converted into the toxic metabolite
MPP (1-methyl-4-phenylpyridinium) in the body. It enters
the mitochondria of dopaminergic neurons and interferes
with complex | of the electron transport chain, inhibiting
the oxidation reaction. Irreversible damage leads to dopamine
deficiency. The MPTP model exhibits many characteristics
of PD, including dopaminergic neurodegeneration, motor
deficits, the formation of alpha-synuclein aggregates, and
neuroinflammation (23,24).

Rotenone-induced PD model

Rotenone, both an insecticide and herbicide, is a lipophilic
neurotoxin. In models predominantly using rodents, the toxin
inhibits mitochondrial complex 1, increases ROS, reduces
dopamine-glutathione levels, induces oxidative damage,
and blocks mitosis, thereby preventing cell proliferation.
Lewy bodies resulting from damage to the nigrostriatal
dopaminergic pathway can be examined (25,26).
Paraquat-induced PD model

Paraquat, a herbicide with neurotoxic properties that
cannot cross the blood-brain barrier, causes degeneration
in dopaminergic neurons by generating ROS when applied
systemically (27).

Lipopolysaccharide-induced PD model

LPS, which triggers microglial activation and sets the stage for
the degeneration of dopaminergic neurons, can be administered
stereotactically, systemically, and intranasally (28).
Drug-induced PD model

Haloperidol and fluphenazine cause functional dopamine
deficiency in postsynaptic receptor regions, while
reserpine and methamphetamine affect vesicles. These
drugs represent the reduced dopamine levels in PD (21).
Genetic-induced PD Models

Six genes; alpha-synuclein, LRRK2, VPS35, Parkin,
PINK1, and DJ-1, are associated with PD. However,
genetic PD models created in animals do not completely
align with the behaviors observed in humans (29).
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MULTIPLE SCLEROSIS AND MODELS

MS is a chronic autoimmune disorder where the immune
system attacks the myelin sheath of the central nervous
system, mistaking it as foreign. In the unit of
oligodendrocyte-myelin-axon, myelin protects and nourishes
the axon while increasing its cross-sectional diameter. This
structure becomes disrupted due to MS, leading to lesion
formations in the white matter of the brain. In MS,
decreased axonal density and volume in affected areas and
seemingly normal central nervous system tissue contribute
to brain and spinal cord atrophy, resulting in permanent
disability (30). Among the MS animal models;
experimental autoimmune encephalomyelitis (EAE), a
viral-induced chronic demyelinating disease known as
Theiler's murine encephalomyelitis virus (TMEV) infection,
and toxin-induced demyelination are included (31).

EAE MS Model

Initially, monkeys and guinea pigs were used to establish
the model, but nowadays, mice and rats are predominantly
used. Here, autoimmunity against components of the
central nervous system is induced through immunization
with antigens derived from the basic myelin protein in
susceptible mice. Paralysis starting in the tail after
induction is followed by manifestations in the hind and
forelimbs. Among the shortcomings of the most
commonly studied EAE model are limited information
about the progression of MS, challenges in studying
remyelination, and inadequate treatment procedures
targeting neuronal growth (31).

Virus-induced MS Model

Epidemiological studies have suggested that a viral
infection early in life, in the presence of a specific genetic
background, may lead to an immune-mediated attack
against the central nervous system, but so far, no specific
virus has been identified as a potential cause or contributor
to MS. The most commonly studied viral animal model of
MS is the TMEV model. In this method, which can be
applied in susceptible mice, the chronic demyelination
phase of MS can be examined. However, a disadvantage
of the model is that demyelination and remyelination occur
simultaneously (31).

Toxin-induced MS Model

Among the toxins used to model MS by inducing
demyelination, ethidium bromide, and cuprizone are
prominent. An important aspect of these toxins is their
assistance in studying the process of remyelination. However,
toxins that induce demyelination due to myelin loss and
oligodendrocyte death in white matter areas are insufficient
in representing all aspects of MS expression. They focus
only on myelin loss and cannot simulate all inflammatory
processes and immune system dysfunction (32).

AMYOTROPHIC LATERAL SCLEROSIS AND
MODELS

ALS is a late-onset, progressive, etiology completely
unknown neurodegenerative disease that affects cortical
and spinal motor neurons. The onset of ALS symptoms in
patients is actually indicative of the loss of approximately
50-70% of motor neurons. While the majority of cases
arise sporadically, about 5-10% are familial. Prominent
symptoms include weakness in the extremities and
difficulty swallowing. As the disease progresses, daily
activities decrease, and cognitive losses increase (33).
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According to current data, the incidence of ALS is between
6 and 38 cases per million, and an effective treatment for
the disease has not yet been discovered (34). Although
ALS is generally known as a motor neuron disorder,
nowadays, there is a significant amount of evidence
suggesting that ALS is a non-cell autonomous disease
involving astrocytes, oligodendrocytes, microglia, and
immune cells. For the onset and progression of the disease,
various factors have been proposed, such as excessive
calcium and glutamate excitotoxicity, oxidative stress,
axonal dysfunction, neuroinflammation, errors in proteins
and RNA, mitochondrial stress, and damage. Animal
models, often using rodents, are commonly employed to
investigate early symptoms, motor neuron loss, muscle
weakness, and other ALS symptoms. However, limitations
exist as these models may not fully reflect ALS, and there
are constraints on how applicable therapeutic approaches
tested on these models will be in humans. Thus, human
clinical studies still hold a crucial position (33).

Genetic ALS Models

Many of the animal models used to investigate the
pathogenesis and biochemical mechanisms of ALS are
studies involving genetic interventions. So far, close to 50
genes associated with ALS have been discovered. A
mutation in the human superoxide dismutase 1 (SOD1)
gene is reported to be a significant factor in ALS. Among
other important mutated genes are TARDBP (TAR DNA
binding protein), C9orf72 (chromosome 9 open reading
frame 72), and FUS (Fused in Sarcoma). Transgenic animals
carrying mutated genes such as VABP (VAMP-associated
protein B), OPTN (Optineurin), VCP (Valosin Containing
Protein), UBQLN2 (Ubiquilin-2), MATR3 (Matrin 3),
TBK1 (TANK-Binding Kinase-1) have been used as
models to understand the pathogenesis of ALS and test
new therapies by reflecting similar symptoms observed in
ALS patients (motor neuron loss, muscle denervation,
tremors, paralysis, death) (35).
Environmentally-induced ALS Models

Dietary model of ascorbic acid deficiency (36), rodent
model infected with motor neuron antigens from different
species (37,38), L-BMAA (beta-N-methylamino-L-alanine)
induced model (39,40), neurotoxin-induced model (41-43)
have been created to mimic environmentally induced ALS.
Since these exposures can lead to negative changes and
mutations in genes, categorizing environmentally induced
models separately from genetic models may not be an
entirely accurate classification.

MIGRAINE AND MODELS

Migraine is a neurovascular disorder characterized by a
one-sided, throbbing headache, the intensity of which can
increase in response to factors such as movement, sound,
and light. Migraine attacks can often be accompanied by
symptoms like nausea, vomiting, and sensitivity to light.
Migraine, affecting 18% of women and 6% of men, arises
through the separate or combined effects of environmental
and genetic factors. Although all mechanisms in migraines
have not yet been fully elucidated, evidence suggests that
the triggering of sensitization in the trigeminovascular
system, which activates inflammatory and vasodilatory
processes, is the cause of the headache (44). When sensory
nerve fibers in the trigeminovascular system are activated,
the release of vasoactive agents is induced, leading to

Duzce Med J, 2024;26(S1)

Animal Models in Neurological Diseases

vasodilation and dural plasma extravasation, resulting in
neurogenic inflammation, and ultimately, an increase in
the severity of pain is observed (45). Migraine is classified
as with aura and without aura. In migraines with aura,
visual, sensory, or motor symptoms are observed before or
at the onset of the headache, and these symptoms are
referred to as "aura." For example, flickering lights, dots
or lines, needles, or numbness are signs of an aura.
Migraine without aura starts suddenly, there are no aura
symptoms, and it is generally severe (46,47). The majority
of information regarding the pathophysiology of migraine
has been obtained from animal models developed to
investigate  the nociceptive  pathways of the
trigeminovascular system and their transmissions reaching
the brainstem and diencephalic nuclei (45). Among the
experimental animal models currently used to understand
the underlying mechanisms of migraine, evaluate
treatment options, and develop new therapeutic strategies,
there are models such as the cortical spreading depression
model (48), electrical stimulation model (49),
inflammatory mediator-induced migraine model (50),
chemical-induced migraine model (51), and genetic
migraine model (52).

Cortical Spreading Depression Model

Cortical spreading depression is induced by microinjection
of potassium chloride into the brain through craniotomy,
and test data is observed through an electrical activity
recorder (53). Cortical spreading depression stimulates
ipsilateral trigeminal axons surrounding cortical blood
vessels, leading to extravasation of plasma proteins in the
dura mater, activating mechanisms that induce c-Fos
expression in the caudal trigeminal nucleus, causing
disruption of the blood-brain barrier, enabling the
activation of the trigeminovascular system, and resulting
in the release of chemicals such as H+, K+, nitric oxide,
and neurotransmitters into the extracellular space (48).
These observed effects contribute to the understanding of
migraine pathophysiology.

Electrical Stimulation Migraine Model

The model is designed to achieve trigeminovascular
activation by placing a bipolar stimulating electrode near
the meningeal arteries and superior sagittal sinus dural
vessels. Upon activation of trigeminovascular regions
stimulable by nociceptive stimulation with this electrical
stimulus, Fos immunoreactivity is triggered, and efforts
are made to examine neuronal populations in the
trigeminovascular system (49).

Inflammatory Mediator-Induced Migraine Model

A model is created by intracranial injection of an
inflammatory mixture containing prostaglandin, histamine,
serotonin, and bradykinin in rodents. By interpreting the
data through myographic and histological analyses,
various aspects of migraine pain can be evaluated, and pain
mechanisms can be scrutinized (50). The disadvantage of
the model is that it alters blood-brain barrier activities and
directly activates central brain regions (49).

Chemically Induced Migraine Model

The nitroglycerin model, a frequently employed method
for peripheral application among chemical-induced
migraine models, is conducted by administering a single
dose of intraperitoneal nitroglycerin injection to rodents to
trigger hyperalgesia. In the model where trigeminal and
cortical structures associated with migraine pain are
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sensitized, phenotypically, attacks similar to spontaneous
migraine attacks are observed (51). In a recent study, repeated
nitroglycerin injections are reported to hold promise for
investigating the chronic course of migraine (54).
Genetic Migraine Model

Transgenic mouse models are being created to gain
insights into the phenotypic consequences of mutations
playing a role in migraine pathophysiology. These models
primarily mimic familial hemiplegic migraine, a rare
subtype of migraine with aura. So far, genes associated
with migraine, namely FHM1 CACNA1A, FHM2 ATP1A2,
and FHM3 SCN1A, have been identified. Mutations in
these genes lead to disruptions in neuronal voltage-gated
calcium channels, voltage-gated sodium channels, and
Na+/K+ ATPase activities, resulting in migraine attacks.
Detailed research on transgenic models enables the
identification of genes associated with migraine (52).

EPILEPSY AND MODELS

Epilepsy is a neurological disorder characterized by
abnormal electrical activities of brain cells. Sudden and
uncontrolled increases in brain electrical activity can lead
to recurrent seizures (55). Among the conditions that
disrupt normal functioning and cause epilepsy seizures
are genetic factors (56), brain injury (57), hormonal
changes (58), infections (59), neurological disorders (60),
etc. In individuals with epilepsy, irregularities in the
regulation of the excitatory neurotransmitter glutamate
and the inhibitory neurotransmitter gamma-aminobutyric
acid (GABA) in the central nervous system have been
reported. This irregularity can lead to increased sensitivity
to seizure activity and a decrease in the ability to regulate
and terminate seizures (61). Since not all epileptic seizures
have the same pathophysiology due to the large number of
them, it is not possible to make definitive statements about
all components of the disease (62). The classification of
epilepsy models is primarily based on focal onset,
generalized onset, and unknown onset seizures.
Subcategories can be grouped as motor and non-motor
onset seizures (63). In epilepsy research, animal
experiments are widely used to examine specific
pathophysiology, develop new treatments, and produce
therapeutic drugs. Studies often utilizing rodent species
aim to investigate focal and generalized epileptic seizure
models. Additionally, rats and mice are also utilized in
genetic studies. These models can be created through
induction with chemical agents, electrical stimulation, or
genetic interventions (64).

Focal Epileptic Seizures

Focal seizures occur due to disruptions in the stability of
neuron membranes leading to hyperexcitability. Seizures
are characterized by motor, sensory, or autonomic
symptoms that remain confined to a specific region. These
symptoms may involve sensory perceptions such as vision,
hearing, taste, smell, and touch, or be associated with
motor manifestations such as muscle spasms, tremors, and
shaking (65). In focal seizures, if information about
awareness can be obtained, grouping can also be done as
‘aware or impaired awareness' (63).

Chemically-Induced Focal Epileptic Seizure Models
Among the most commonly used agents for creating focal
epilepsy models by chemical induction are penicillin (66),
pilocarpine (67), and kainic acid (68). These agents are
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typically administered intracerebrally. Penicillin acts on
GABA receptors (69), pilocarpine on muscarinic receptors
involved in the onset of seizures (70), and kainic acid on
glutamate receptors (70) to induce epileptic seizures.
Electrically Induced Focal Epileptic Seizure Models
Electrical stimulation is applied to brain regions
containing limbic structures such as the amygdala,
hippocampus, perirhinal cortex, and piriform cortex. The
kindling model is a process where low-intensity electrical
stimulation is repeatedly delivered to a brain region until it
triggers an epileptic seizure (This model can also be
created with a chemical agent). Electrodes are implanted
into the limbic region via stereotaxy for electrical
stimulation, typically using 60 Hz sinusoidal or biphasic
square wave pulses lasting for 1 second. Stimulation is
continued until a 5-stage seizure progression (mouth and
facial clonus, head nodding, forelimb clonus, rearing, and
rearing and falling) is observed (70).

Generalized Epileptic Seizures

Seizures in which epileptic activity starts simultaneously
in both hemispheres of the brain are called generalized
seizures. These seizures typically originate from deep
regions of the brain and are characterized by prominent
motor or behavioral symptoms often accompanied by loss
of consciousness. There are many different subtypes of
these seizures, which often begin at a young age, including
tonic-clonic seizures, clonic seizures, myoclonic seizures,
and atonic seizures (63).

Chemically-Induced Generalized Epileptic Seizure Models
Pentylenetetrazol is a GABA receptor antagonist
convulsant commonly used in experimental models to
induce tonic-clonic seizures. Behavioral changes (leg
dystonia, generalized clonic, and clonic-tonic convulsions)
in seizures initiated by intraperitoneal administration can
be observed to examine various parameters such as onset
time, duration, intensity, and frequency of seizures. In
addition, the effectiveness of antiepileptic drugs in
preventing or reducing seizure activity can also be
evaluated (71,72). Furthermore, pentylenetetrazol, used in
the kindling model as a chemical inducer, not only clarifies
the convulsive effect but also allows the examination of
behavioral and cognitive changes, thanks to long-term
injections (73).

Flurothyl is a volatile liquid with convulsant vapor.
Flurothyl, an antagonist of GABA receptors, is commonly
used to induce neonatal generalized tonic-clonic seizures.
During the experimental phase, animals are exposed to
flurothyl in an airtight environment until tonic extension
develops in their front and hind limbs, thus inducing
seizures. When exposure to the agent is halted, the seizures
also cease. This model provides information about
epilepsy in the neonatal period (70,74).
Electrically-Induced Generalized Epileptic Seizure Models
The maximal electroshock seizures serve as a model where
generalized tonic-clonic seizures are induced by delivering
electroshocks through electrodes. Stimulation triggers
seizures characterized by tonic extension of the forelimbs
and hind limbs. The efficacy of drugs is often evaluated by
measuring the duration of tonic maximum extension of the
hind limb. Due to its ease of use, it is frequently employed
in antiepileptic drug research, and phenytoin, discovered
through this model, is used as an anticonvulsant
medication (70).
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SCHIZOPHRENIA AND MODELS

Schizophrenia is a complex psychiatric disorder
characterized by symptoms such as detachment from
reality, cognitive distortions, emotional abnormalities, and
perceptual disturbances. These symptoms can significantly
impair an individual's functionality and lead to difficulties
in daily life. Although the pathophysiology of
schizophrenia is not fully understood, abnormalities in
brain regions like the frontal lobe, temporal lobe, and
limbic system have been detected in brain imaging studies,
and these have been associated with imbalances in
neurotransmitters such as dopamine, glutamate, and
serotonin systems (75,76). Schizophrenia symptoms are
categorized as positive, negative, and cognitive symptoms.
Positive symptoms include hallucinations and delusions,
as well as poor insight, while negative symptoms consist
of anergia, apathy, and social withdrawal, and cognitive
symptoms include a decrease in working memory and
executive function ability (76,77). The lack of specific
biomarkers for schizophrenia hinders successful diagnosis
and treatment. Despite the incomplete parallelism between
animal models of schizophrenia and the human condition,
attention is directed toward animal studies aimed at
unraveling the pathophysiology of schizophrenia and
devising treatment modalities. Within the spectrum of
schizophrenia models lie neurodevelopmental models,
pharmacological/physiological models, and genetic
models (76).

Neurodevelopmental Schizophrenia Models

During the perinatal and neonatal processes, factors kind
of stress (78) and viral infections (79), which affect brain
development, increase the risk of schizophrenia, thus
enabling neurodevelopmental investigations. Animal
models are used to induce viral infections such as
influenza virus (80), herpes simplex virus (81), and
cytomegalovirus (82) during the embryonic period,
thereby activating neuroinflammatory processes. Thus,
schizophrenia symptoms and developmental processes are
investigated. The stress induced by social isolation after
weaning in animals leads to hyperlocomotor activity
associated with schizophrenia and a decrease in cognitive
functions in the adult stages. It is used in the research of
new antipsychotics (83).

Pharmacological / Physiological Schizophrenia Models
The association of schizophrenia with the dopamine,
glutamate, and serotonin systems has led to in-depth
research on these pathways. In
pharmacological/physiological models, substances that are
generally  effective on  psychotropic drugs or
neurotransmitters are often used. The dopaminergic
hyperfunction model, dopaminergic hypofunction model,
serotonergic model, and glutamatergic hypofunction
model are examined in this category (84).

Dopaminergic Hyperfunction Model

The amphetamine used in the dopaminergic hyperfunction
model reflects conditions associated with the positive
symptoms of schizophrenia when administered
intermittently at increasing doses (85).

Dopaminergic Hypofunction Model

The agent used in the rarely used dopaminergic
hypofunction model is 6-OHDA. It is reported to be useful
for modeling specific aspects of the negative symptoms of
schizophrenia (86).
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Serotonergic Model

The serotonergic model is a sustained substitute model
following amphetamine administration, and it utilizes
2,5-dimethoxy-4-iodoamphetamine, an agonist of
serotonergic receptors. Its use is not as prominent as other
models due to the potential limitation of the therapeutic
properties of neuropsychiatric drugs (87).

Glutamatergic Hypofunction Model

The agents used in the glutamatergic hypofunction model
are phencyclidine, ketamine, and MK-801 (dizocilpine).
Phencyclidine has a simple, non-time-consuming, and
inexpensive administration process, and after administration,
psychomotor hyperactivity and psychosis-like behaviors
are immediately observed (88). Intraperitoneal administration
of ketamine, an NMDA receptor antagonist, allows
observation of negative and cognitive schizophrenia
symptoms (89). Dizocilpine, representing hyperlocomotion
and behavioral symptoms well, is mentioned in the
literature as a suitable agent for mimicking acute psychotic
symptoms of schizophrenia (90).

Genetic Schizophrenia Models

Genetic manipulations are used in animals to study the
effects of specific genes associated with schizophrenia in
humans. To understand the underlying biological
mechanisms of schizophrenia and develop new treatment
methods, genetic models such as DISC1 (disrupted in
schizophrenia 1) models (91,92), NRG1 (neuregulin 1)
models (93,94), COMT (catechol-o-methyltransferase)
models (95,96), and 22ql1l1.2 deletion syndrome
models (97-99) are utilized. These genes are linked to an
increased risk of schizophrenia and are utilized to model
behaviors and neurodevelopmental disorders associated
with the condition.

CONCLUSION

In conclusion, experimental animal models play a crucial
role in elucidating the mechanisms underlying
neurological diseases such as Alzheimer's, Parkinson's,
MS, ALS, migraine, epilepsy, and schizophrenia. These
models, mimicking important aspects of
neurodegenerative diseases, hold a significant place in
investigating disease mechanisms and developing
potential treatment methods. Through collaboration
among scientists, clinicians, and animal welfare advocates,
we hope to harness the power of experimental models in
the treatment of neurological diseases that affect a large
portion of individuals and society.
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Deneysel Sinirbilim Arastirmalarinda Kullanilan Hayvan Deneyleri: Ogrenme, Hafiza, Anksiyete,
Depresyon ve Motor Fonksiyon Davranig Deneyleri
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ABSTRACT

Behavioral experiments have been conducted since the classical conditioning research of Ivan
Pavlov in 1904. Experimental research plays an important role in understanding the
mechanisms of diseases, preventing these diseases, and developing effective treatment
methods. Research using animal models is very important to understand the mechanisms of
these diseases and to develop effective treatment strategies. Animal models are widely used in
the research of a treatment method, the development of novel treatment protocols, and the
discovery of new drug molecules. The efficacy of the drug to be developed is very important
both for testing whether the animal model is formed before starting the research and for the
effectiveness of the drug in treatment and for the elucidation of the mechanisms to be
investigated. Therefore, evaluations are usually made with behavioral experiments. Each
behavioral experiment has its own advantages and disadvantages. Therefore, the researcher
should be aware of these advantages and limitations before choosing the most appropriate
behavioral experiment. This review aimed to describe the most commonly used learning,
memory, anxiety, depression, and motor function behavioral experimental protocols in
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Parkinson's, cerebral ischemia, and traumatic brain injury.
Keywords: Anxiety; depression; learning; memory; motor function.

oz

Davranig deneyleri, 1904'te Ivan Pavlov'un klasik kosullanma aragtirmalarindan beri
yapilmaktadir. Hastaliklarin mekanizmalarinin anlagilmasi, bu hastaliklarin 6nlenmesi ve etkin
tedavi yontemlerinin gelistirilmesinde, deneysel caligmalar 6nemli rol oynar. Hayvan
modelleri kullanilarak yapilan aragtirmalar, bu hastaliklarin mekanizmalarini aydinlatabilmek
ve etkin tedavi stratejileri gelistirebilmek igin oldukga Onemlidir. Bir tedavi yonteminin
arasgtirilmasinda, yeni tedavi protokollerinin gelistirilmesinde ve yeni ilag molekiillerinin
kesfedilmesinde, hayvan modelleri yaygin olarak kullanilir. Gelistirilecek olan ilacin etkinligi
hem arastirilmaya baglanmadan 6nce hayvan modelinin olusup olusmadiginin test edilmesi
icin hem de ilacin tedavideki etkinligi agisindan ve hem de arastirilacak mekanizmalarin
aydinlatilmasi i¢in olduk¢a Onemlidir. Bundan dolayr genellikle davranis deneyleri ile
degerlendirmeler yapilir. Her davranis deneyinin kendine 6zgii avantajlari ve dezavantajlari
vardir. Bu nedenle arastirmaci, davranis deneyini segmeden Once bu avantajlarin ve
kisitlamalarin farkinda olarak en uygun davranis deneyini tercih etmelidir. Bu derlemede
Alzheimer, epilepsi, migren, noropatik agri, sizofreni, Parkinson, serebral iskemi ve travmatik
beyin hasar1 gibi deneysel modellerde en sik kullanilan 6grenme, hafiza, anksiyete, depresyon
ve motor fonksiyon davranigsal deney protokollerinin detayli olarak tanimlanmasi amaglandi.
Anahtar kelimeler: Anksiyete; depresyon; hafiza; 6grenme; motor fonksiyon.
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INTRODUCTION

Experimental animals; human health protection,
improvement, and complementary therapy prioritized in
the discovery, and development of methods is a group of
living organisms. A medicine or treatment method can be
used on human beings through many trials and researches
in order to become must pass. Animal models are the most
preferred research method for the prevention and treatment
of diseases in humans (1).

Behavioral experiments have been conducted since the
classical conditioning research of Ivan Pavlov in 1904, and
human behavior has been investigated through
experiments on animals. The effectiveness of these models
is tested by behavioral experiments such as cognitive,
emotional, and motor functions such as learning, memory,
locomotor activity, anxiety, and depression. The complex
structure and signaling pathways of nervous systems make
it difficult to understand the neurobiology and
pathophysiology of diseases and also prevent the
development of radical treatments for these diseases.
Experimental studies play an important role in
understanding the mechanisms of neurological diseases,
preventing these diseases, and applying effective treatment
methods. Research using animal models plays a vital role
in elucidating the mechanisms of these diseases and
developing effective treatment strategies (2). Rodents (e.g.
mice, rats, gerbils) and non-rodent mammals (e.g. dogs,
rabbits, cats, pigs, chimpanzees) are frequently used in the
research of a treatment modality, the development of new
treatment protocols, and the discovery of new drug
molecules. In animal models, basic neuronal mechanisms
of both normal and abnormal brain function are
investigated. Each model has its own advantages and
disadvantages. Therefore, the researcher should be aware
of these advantages and limitations before choosing a
particular model and should prefer the most appropriate
model for his/her study (2).

In order to demonstrate the efficacy of a drug or treatment
in animal experiments, the accuracy of the animal model
must first be tested. In this review, the most commonly
used learning, memory, anxiety, depression, and motor
function  behavioral  experimental  protocols in
experimental models such as Alzheimer's, epilepsy,
migraine, neuropathic pain, schizophrenia, Parkinson's,
cerebral ischemia, and traumatic brain injury, etc. (3-8)
were described in detail.

MOTOR FUNCTION BEHAVIOR EXPERIMENTS
Open Field Test

Open field test (OF) is a test generally used to assess
locomotor activity (9). OF experiments are measured in a
square experimental setup with a height of 40 cm and
80x80 cm in rat experiments, and in a square
experimental setup with a height of 40 cm and 40x40 cm
in mouse experiments (Figure 1). The areas are usually
divided into 16 small squares equal to each other. At the
beginning of the experiment, the animals are placed one by
one in the center of this area and their movements are
recorded by the camera for 5 minutes. Before each test, the
OF setup must be thoroughly cleaned against the odor
stimulus. The total distance (cm), velocity (cm/s), and the
number of squares entered are measured as locomotor
activity parameters (9).
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Rotarod Test

The rotarod test is used to measure motor performance and
coordination of animals (Figure 2). Animals are
acclimatized to the rotarod for 3 consecutive days before
the experiment. During this time, animals (for rats) are
trained to walk on a rotating rod at a constant speed of 2
rpm for a maximum of 12 min. On the test day, after the
animals are placed in their individual compartments in the
rotarod device in the opposite direction of the rod (7.3 cm
diameter) rotating at a uniform speed between 4 and 40
rpm for a period of 5 min, the time spent on the rod is
automatically recorded (10). The recording time is set to
300 seconds and 3 consecutive measurements are made
with rest periods of 5 minutes.

LEARNING AND MEMORY BEHAVIORAL
EXPERIMENTS

Morris Water Maze

The Morris water maze test is highly preferred in learning
and memory experiments. Especially working and
reference memory are assessed. A circular water tank with
a diameter of 150 cm and a height of 45 cm is used in the
Morris Water Maze test setup. In the experimental room,
visual clues are placed around the experimental setup. The
height of the water should be 30 cm and the temperature
should be 2242 C°. The circular tank is divided into 4 equal
quadrants and a 10 cm diameter platform is placed 2 cm
below the water surface in the escape quadrant. In the
learning phase of the experiment, rats/mice are randomly
released into the tank and allowed to swim for 90 seconds.
Animals that find the platform within this time are allowed
to stay on the platform for 30 seconds. Within 120 seconds,
rats/mice that could not find the platform were slowly
guided to the platform and allowed to stay on the platform
for 30 seconds. For 5 days, 4 trials are performed daily at
30-minute intervals and the platform is removed at the end
of the trials on the 6th day. During the experiment, whether
learning occurred or not was evaluated with a 30-second
probe trial in a water tank without a platform. Meanwhile,
the arrival time of the mice to the platform, swimming
paths, and swimming speeds of the mice were recorded by
a video camera system (11).

Radial Arm Maze

The radial arm maze (RAM) is used to measure spatial
learning and memory. The RAM consists of eight arms
with a food zone at the end of the arm. In the room where
the experimental setup is located, the RAM is surrounded
by a large number of visual objects. Animals are
habituated by exploring the maze for 5 minutes a day for 3
days. On the first day of habituation, animals are gradually
allowed to access food from all arms. Following
habituation, each trial is administered twice a day for 4
days. The 2", 3 5" and 7" arms have chocolate, while
the other arms have no chocolate. The animal is placed in
the center of the apparatus on each trial and working and
reference memory are assessed (12). The maze was
thoroughly cleaned with 70% ethanol and dried before
each trial. With a video monitoring system in RAM, it is
usually measured by three parameters; (i) the number of
reference memory errors (RME, visits to unbaited arms),
(ii) the number of working memory errors (WME, visits to
previously visited arms in the same trial) and (iii) the
accuracy index (number of first entries to baited arms/total
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entries to all arms). Reference memory is associated with
long-term memory for information that remains consistent
across repeated trials (memory for the positions of
unbaited arms), whereas working memory is associated
with short-term memory, where the information to be
recalled changes on each trial (memory for the positions of
arms that have already been visited on each trial).

Novel Object Recognition Test

The novel object recognition test is especially used in
attention and short-term memory studies and consists of
three stages: habituation, training, and retention (Figure 3).
In the habituation phase, animals are placed in the center
of a 40 cm high, 80x80 cm setup and allowed to walk
around for 5 minutes without any objects in the
environment. In the training phase, animals are left in the
center and allowed to examine two objects placed in the

PRNIS T TR

Figure 1. Locomotor
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environment for 5 minutes. Between the phases, the
apparatus should be cleaned with 70% ethanol to prevent
the animals from moving according to the sense of smell.
In the retention phase, one of the objects is replaced with
a novel object, and the animals' behavior is recorded for 5
minutes. In this process, animals are expected to spend
more time examining the novel object (13). In the novel
object recognition test, the discrimination index and time
spent on the novel object (s) values are analyzed.
Discrimination Index = ((Time spent on the new object -
Time spent on the old object) / Total time)*100.

Object Location Test

The object location test is especially used in short-term
and spatial memory researches and consists of three
stages: habituation, training, and retention (Figure 4). In
the habituation phase, animals are placed in the center of a

Figure 3. Experimental phases of novel object recognition
test; a) habituation, b) training, and c) retention phases
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Figure 4. Experimental phases of the object localization
test; a) habituation, b) training, and c) retention phases
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40 cm high, 80x80 cm environment, and allowed to move
around for 5 minutes without any objects in the
environment. In the training phase, the animals are
released from the center and allowed to examine two
objects placed in the environment for 5 minutes. Between
the stages, the maze setup is cleaned with 70% ethanol to
prevent the animals from moving according to the sense of
smell. In the recall phase, one of the objects is replaced and
the behavior of the animals is recorded for 5 minutes.
Animals are expected to spend more time examining the
relocated object (14). In the object localization test, the
discrimination index and the time spent on the displaced
object (s) values are analyzed. Discrimination Index = ((Time
spent on the displaced object - Time spent on the non-
displaced object) / Total time)*100.

Y-maze Test

The Y-maze test is widely used to assess both the short-
term memory and spatial memory of rats (9). The Y-maze
test is a three-arm apparatus for animals, each arm is 50
cm long, 20 cm wall height, and 10 cm width, and the angle
between the arms is 120° (Figure 5). The walls of the
experiment room are equipped with visual clues. The arms
of the maze are named as 'initial’, 'other', and 'new' arms.
In the first part of the experiment, rats are left at the end of
the initial arm, and each animal is given 15 minutes to
freely examine the other arms while the new arm is
completely closed. At the end of 15 minutes, the animals
are returned to the cages and the Y-labyrinth apparatus is
cleaned with 70% ethanol to prevent them from moving
according to the sense of smell during the experiment. One
hour later to test short-term memory and 24 hours later to
test long-term memory, a new arm is opened and the
animals are returned to the initial arm of the maze and
allowed to move freely in all three arms for 5 minutes and
their behavior is recorded by a camera. To evaluate
memory, the rate of entry into the new arm and the rate of
time spent in the new arm are analyzed (9).

ANXIETY BEHAVIORAL EXPERIMENTS

Open Field Test

The open-field test is a test used to assess anxiety and some
depression-like behaviors (Figure 6). The number of
crossovers and the percentage of time spent in the
outer/inner quadrant are used as depression parameters (3).
Elevated Plus Maze Test

It is a preferred test, especially in the determination of
emotional behaviors and in the interpretation of long-term
anxiety responses. Animals are housed in a plus-shaped
enclosure with an arm width of 10 cm, an arm length of
45 cm, a wall height of 9 cm, and a floor height of 68 cm.
Two arms are surrounded by walls and the other two arms
are completely open. Each animal is released at the center
where the arms overlap and its behavior is recorded for 5
minutes. The time spent in the open and closed arms and
the number of entries into the open and closed arms
recorded by the video camera are evaluated (15).

DEPRESSION BEHAVIORAL EXPERIMENTS
Forced Swim Test

The forced swim test is a test used in depression research,
especially in testing short-term depression. In this model,
animals are placed in a cylinder filled with water. After a
certain period of time, the animals assume a posture of
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"immobility" in the water, a posture that reflects the
depressed state of mind of animals whose body shape has
lost hope (Figure 7). Symptoms of depression; Hopelessness,
immobility, reduced escape behavior. Parameters
measured: time spent in escape behavior, immobility,
swimming, climbing, etc. Antidepressant effect:
significant reduction in immobility (16).

Light-Dark Model

Animals are placed in a 60x60x60x45 cm 2-compartment
set-up consisting of a light and a dark compartment. The
chamber wall has an opening of 7x7 cm between the two
compartments. The bright and novel environment causes

Figure 5. Y maze test experiment phases; a) training, and
b) retention phases

Control Depression
Figure 6. Presentation of the path traveled by the
experimental groups in the open field setup with lines and
inner/outer quadrant transitions

Figure 7. Forced swim test setup
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photophobia for the animals and therefore the time spent
in the dark area (movement) and the number of transitions
is a sign of photophobic behavior. For 5 minutes, the time
spent in both areas, the time spent moving in both areas
and the number of transitions between the compartments
are measured (17).

Catatonia Test

Catatonia is a psychomotor syndrome in which motor
excitement, stereotypy, and stupor can be observed. Rats
with genetic catatonia and pendulum-like movements in
the anterior half of the body have physiological and
behavioral changes similar to those observed in
schizophrenia and depression in humans and can be
considered as incomplete experimental models of these
pathologies (18). Catatonia, a postural disorder, is defined
as "freezing" in animals and is a simple and easily
applicable method (10). Animals are slowly placed on a
25x35 c¢cm vertical wire grid (5 mm spacing). The time the
animals are completely immobilized on the grid is
measured and recorded with a stopwatch (Figure 8). The
severity of cataleptic behavior is assessed by measuring
the longest period of immobility within a 2-minute
observation period (10).

NEUROPATHIC PAIN BEHAVIORAL EXPERIMENTS
Hot Plate Test

The hot plate test assesses thermal hyperalgesia and its
effects on the thermal nociceptive threshold (4,19). The
surface of the hot plate apparatus was preheated and
maintained at a constant temperature of 55+0.1 °C (Figure 9).
Animals are placed into glass funnels on the heated
surface and the time between the rat's placement and the
first response (foot licking, jumping, or rapid raising of
the paws) is recorded as the paw withdrawal latency. The

Figure 8. Catatonia test setup
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cut-off time is set at 20 seconds to avoid tissue damage.
The hind paw retraction time (sec) is measured for each
animal (20).

Tail Flick Test

Thermal hyperalgesia is assessed by tail-flick test (21).
The animal automatically raises its tail when it feels
uncomfortable. Briefly, 2 cm of the distal tail is
immersed in a water bath at 52.54+0.2 °C. The time for the
animals to shake the tail is recorded as the tail shake
latency; to avoid damage to the tail tissues, the cutting
latency is set at 15 seconds (4,22).

Randall-Selitto Test

Mechanical hyperalgesia is measured with the Randall-Selitto
test. The Randall-Selitto test involves applying evenly
increasing mechanical pressure to the animal's paw (23).
This pressure causes pain leading to an escape response.
Animals are immobilized and grasped with one hand.
Their hind paws are subjected to a linear increasing
pressure until the paw retracts or vocalizations occur. The
force (grams) with which the paw is withdrawn is
recorded. 3-4 consecutive measurements are made at 5 min
intervals and the retraction threshold for each animal is
calculated by averaging the force at which the animal
retracts the paw (Figure 10). The cutting force is
determined as 250 g. The average of three consecutive
tests with 1-minute inter-stimulus intervals is considered
as the muscle pressure threshold (4,24).

Acetic Acid-Induced Writhing Test

Subjects are injected intraperitoneally with 0.3% acetic
acid (10 ml/kg) to induce hyperalgesia. 5 minutes after the
administration of acetic acid, the writhing (abdominal
stretching/contraction) of the subjects is monitored for 5
minutes and the number of writhing is evaluated (25).

Figure 10. Randall-Selitto test setup
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CONCLUSION

Behavioral animal experiments play an important role in
understanding the biological basis of human behavior and
disease. Studying with animals ensures high scientific
quality, reliable and reproducible results. There are many
different types of behavioral experiments. They all aim to
test the accuracy of behavior in subjects, such as locomotor
activity, learning, memory, depression, anxiety, and pain,
as well as the effectiveness of the treatment.
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ABSTRACT

This study focuses on two major diseases affecting women's reproductive health:
endometriosis and polycystic ovary syndrome (PCOS). Endometriosis is characterized as an
estrogen-dependent condition, highlighting estrogen's role in understanding the disease's
development and treatment strategies. Rat and mouse models are crucial for comprehending
the pathophysiology of endometriosis and testing new therapeutic approaches. These models
are particularly valuable in evaluating the effects of hormones and immune system modulators
on endometriosis. Conversely, experimental models of PCOS emphasize the central role of
hyperandrogenism in the development of this condition. Models induced by substances like
dehydroepiandrosterone, testosterone propionate, and letrozole provide insights into the
metabolic and endocrinological disruptions associated with PCOS. The letrozole-induced
model, in particular, helps in understanding the relationship between hormonal imbalances and
the onset of PCOS. Experimental models of both diseases offer critical knowledge for both
basic science research and clinical applications. They provide essential data for understanding
the pathophysiology of these conditions and developing new treatment strategies. This study
demonstrates how findings from experimental models can improve women's reproductive
health and lead to more effective treatments for these diseases. An enhanced understanding of
hormonal and immune system mechanisms will guide future research and offer innovative
solutions for treating these conditions.

Keywords: Gynecological disorders; endometriosis; polycystic ovary syndrome.

0z

Bu c¢alisma kadinlarin tireme sagligini etkileyen iki 6nemli hastalik olan endometriyoz ve
polikistik over sendromu (PKOS) icin olusturulan hayvan modellerine odaklanmaktadir.
Endometriyozun dstrojene bagimli bir durum olarak karakterize edilmesi, dstrojenin hastaligin
gelisimi ve tedavi stratejilerinin anlasilmasindaki roliinii vurgulamaktadir. Sigan ve fare
modelleri, endometriyozun patofizyolojisini anlamak ve yeni tedavi yaklagimlarini test etmek
i¢in ¢ok dnemlidir. Bu modeller 6zellikle hormonlarin ve bagisiklik sistemi modiilatdrlerinin
endometriyoz iizerindeki etkilerinin degerlendirilmesinde 6nem arz etmektedir. PKOS'un
deneysel modelleri bu durumun gelisiminde hiperandrojenizmin merkezi roliinil
vurgulamaktadir. Dehidroepiandrosteron, testosteron propiyonat ve letrozol gibi maddelerin
neden oldugu modeller, PKOS ile iliskili metabolik ve endokrinolojik bozulmalara iliskin
ongorii saglamaktadir. Ozellikle letrozoliin neden oldugu model, hormonal dengesizlikler ile
PKOS'un baslangici arasindaki iliskinin anlasilmasina yardimei olmaktadir. Her iki hastaligin
deneysel modelleri, hem bilimsel arastirmalar hem de klinik arastirmalar igin kritik bilgiler
sunmaktadir. Bu hastaliklarmn patofizyolojisini anlamak ve yeni tedavi stratejileri gelistirmek
icin gerekli verileri saglamaktadir. Bu ¢aliyma, deneysel modellerden elde edilen bulgularin
kadnlarin tireme sagligmi nasil iyilestirebilecegini ve bu hastaliklara yonelik daha etkili
tedavilere nasil yol acabilecegini gostermektedir. Hormonal ve bagisiklik sistemi
mekanizmalarinin daha iyi anlasilmasi gelecekteki aragtirmalara yol gosterecek ve bu
durumlarin tedavisi igin yenilik¢i ¢oziimler sunacaktir.

Anahtar kelimeler: Jinekolojik rahatsizliklar; endometriyoz; polikistik over sendromu.
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INTRODUCTION

Endometriosis is a chronic illness that is influenced by
estrogen and affects 5-10% of women who are in their
reproductive years (1). While some cases may be
asymptomatic, the primary symptoms of this condition
include dysmenorrhea, persistent pelvic discomfort, pain
during sexual activity, infertility, and uterine bleeding. These
symptoms can significantly affect the patient's psychological
condition and quality of life (2). The condition is defined
by the presence of endometrial-like tissue in abnormal
locations, leading to a persistent inflammatory reaction,
adhesions, and scar formation that changes the structure of
the pelvic region. From a clinical standpoint,
endometriosis is classified into three categories: peritoneal
surface lesions, ovarian cysts (endometriomas), and deep
infiltrating endometriosis. The classification of this
condition is commonly based on the updated American
Fertility Society classification (1), which divides it into
four stages: minimum, mild, moderate, and severe.
Retrograde menstruation has been suggested as a possible
explanation for the creation of endometriosis in the
peritoneal cavity during the menstrual cycle. However,
given that retrograde menstruation has been detected in
almost 90% of women without health issues, it is
plausible that additional elements, such as hormonal,
immunological, genetic, and epigenetic pathways, may
also play a role in the development and advancement of
the condition (3,4).

Polycystic ovarian syndrome (PCOS) is a common
metabolic and hormonal condition that affects women during
their reproductive years. The syndrome is characterized by
metabolic symptoms including insulin resistance, obesity,
and an increase in risk factors for cardiovascular disease.
It also involves endocrine symptoms such as high levels of
male hormones (hyperandrogenemia), irregular or
infrequent menstrual periods (oligomenorrhea), absence of
menstrual periods (amenorrhea), and hirsutism (5). PCOS
patients have disruptions in the mechanisms that regulate
follicular growth due to alterations in the endocrine
system balance, leading to observable morphological
abnormalities in the ovaries. Increased levels of
luteinizing hormone (LH) disrupt the communication
between granulosa cells and oocytes, as well as the
growth of follicles and oocytes. It also results in the antral
follicles staying tiny (6). Global standards for the
evaluation and treatment of PCOS have advanced the
detection of PCOS during the past thirty years. In 1990,
the National Institutes of Health (NIH) established criteria
for PCOS, including hyperandrogenism, oligo-ovulation,
and the elimination of other potential causes such as
Cushing’s syndrome and hyperprolactinemia (7). In 2004,
the Rotterdam criteria were revised to diagnose PCOS. The
current Rotterdam criteria encompass oligo- or
anovulation, clinical and/or biochemical indications of
hyperandrogenism, and the presence of polycystic ovaries.
The International Guidelines for the Evaluation and
Treatment of PCOS endorse a clinical diagnosis that
requires the presence of at least two out of the three
Rotterdam criteria (8). The prevalence of the disease
differs among populations depending on whether the NIH
or Rotterdam criteria are employed. Treatments for PCOS
include blocking excess androgen production, correcting
menstrual irregularities, maintaining the endometrium,
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enhancing fertility, and addressing metabolic issues. Each
of these factors is crucial for the well-being of individuals
with PCOS. Treatments primarily alleviate symptoms of
PCOS (9).

Experimental animal models provide necessary data to
understand the pathophysiology of diseases such as
endometriosis and PCOS and to develop new treatment
strategies. This review aims to demonstrate how findings
from experimental models can improve women's
reproductive health and shed light on more effective
treatments for these diseases.

EXPERIMENTAL MODELS FOR ENDOMETRIOSIS
Uterine tissue has been effectively transplanted to aberrant
places in small laboratory animals such as rats, mice,
hamsters, and rabbits. This procedure has been documented
in various studies conducted by Griimmer (10).

The rat and mouse models have been the main subjects of
recent developments among non-primate models. In these
experimental models of endometriosis, the uteri are
surgically removed and dissected into tiny fragments.
These fragments are subsequently reinserted into the
peritoneal cavity, often by using sutures. The majority of
these investigations did not distinguish the endometrium
from other tissues. Both compartments, the endometrium
and myometrium, were implanted (11,12). In rats, the
uterine tissue undergoes development and forms fluid-
filled, oval-shaped, cystic formations consisting of
endometrial and myometrial tissue. The cysts experience
growth but reach a stable size after approximately 2
months and maintain their viability for a minimum of 10
months (12). The ectopic uterine fragments in mice exhibit
histological features resembling those of human disease.
These characteristics encompass the formation of several,
well-supplied lesions that consist of stroma, cysts, and
endometrial glands. Importantly, the localization of these
lesions within the abdomen is not dependent on their
peritoneal location (11). Only a few experiments have been
conducted in rats and mice to separate the endometrium
from the myometrium and inoculate the endometrium to
ectopic places. These investigations were performed by
Katsuki et al. (13) in rats, and by Somigliana et al. (14),
Hirata et al. (15), and Yao et al. (16) in mice. In
Somigliana et al.'s (14) investigation, they took extracted
endometrial tissue and carefully divided it into small
fragments before delicately placing them back into the
peritoneal cavity of recipient mice that shared the same
genetic makeup. Both the donor and recipient mice
underwent ovariectomy and were administered estrogen
therapy. All animals that received the treatment showed
signs of endometriosis in the peritoneum after 3 weeks.
Additionally, new blood vessel formation was identified
on the surface of the lesions. Nevertheless, the ‘take-rate’,
which refers to the proportion of lesions obtained from a
certain number of randomly injected endometrial pieces,
averaged 30% of the inoculated tissue. Hirata et al. (15)
established a homologous mouse model utilizing 'green
mice' to improve the diagnosis of size and location of
ectopic endometriotic lesions following transplantation.
They were able to demonstrate a substantial correlation
between the weight of endometriotic lesions and the
assessed fluorescence intensity. The fluorescence
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exhibited a notable increase in the mice that received
estrogen supplementation, in comparison to the control
animals. This finding provides evidence for the reliance of
these abnormal endometrial lesions on estrogen.

UTILIZATION OF THE HOMOLOGOUS MODEL
Endometriosis is a condition in women that is influenced
by estrogen and the reduction of estrogen in the blood
helps to shrink the abnormal growths in other areas of the
body (17). The mouse model, in which uterine tissue is
transplanted and displays dependence on steroid
hormones, has been extensively utilized to assess the
responsiveness of lesions to steroid hormones and
medications that disrupt steroid activity. The formation of
ectopic endometrial tissue in both rodent species was
found to be reliant on estrogen, similar to the situation in
humans (12,18). In a study conducted by Schor et al. (19)
in 1999, it was shown that rats that had their ovaries
removed and were implanted with uterine tissue showed
superior recovery of ectopic fragments when given with
estrogen alone following ovariectomy, compared to those
treated with a combination of estrogen and progesterone.
In a study conducted by Fang et al. (20), it was found that
estrogen has a significant impact on the size of implants in
mice. They also showed that progesterone's ability to
inhibit the growth of endometriotic tissue that depends on
estrogen is due to the progesterone receptor remaining
intact. Progesterone was observed to inhibit this growth in
the uterine tissues of normal mice, while mice without the
progesterone receptor did not show the same suppression.
Creating a hypoestrogenic condition can help promote the
regression of uterine ectopic implants in rats. This can be
achieved using methods such as ovariectomy or the
injection of GNRH agonists, as demonstrated in studies by
Kudoh et al. (21) and Sakata et al. (22).

The suppression of ovulation can be achieved by several
methods, including the use of natural progestational
compounds such as Kudoh et al. (21), synthetic progestational
compounds like levonorgestrel or dienogest as mentioned
by Jones (23) and Katsuki et al. (13), or through danazol
medication as demonstrated by Sakata et al. (22). In this
model, the desired effects can be obtained by decreasing
the concentration of estrogen by the use of antiestrogens,
or by utilizing selective estrogen (24).

The receptor modulator raloxifen or aromatase inhibitors,
which disrupt estrogen production can be used for
therapy (21,25). Furthermore, the autologous rat model has
been widely employed for research on immune-modulating
medicines and anti-inflammatory  medications in
endometriosis. Uchiide et al. (26) showed that when
uterine tissue is transplanted in rats, it causes the
accumulation of cells associated with allergic
inflammation in the peritoneal stroma that is connected to
the ectopic uterine tissue. Administering interferon-a-2b
through intraperitoneal or subcutaneous treatment in rats
resulted in a decrease in the size of induced lesions. This
was observed through consecutive laparotomies
conducted over a period of up to 4 months (27). Similarly,
the use of the immunomodulator loxoribine in rats (28)
and the intraperitoneal injection of interleukin-12 in a
syngeneic mouse model also led to a reduction in lesion
size (14). In addition, the development of artificially
induced endometriosis in rats was inhibited by
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recombinant human tumor necrosis factor (TNF)-binding
protein-1 (r-hTBP-1), which is the soluble form of TNF
receptor type | (29). The same outcome was observed
when rats were treated with pentoxifylline, a substance
known for its anti-inflammatory properties and ability to
decrease the production of inflammatory cytokines without
causing a decrease in estrogen levels (30). Similar results
were also observed with ciglitazone, a compound that
binds to proliferator-activated receptor-y (PPAR-y) (31).
In addition, the use of cyclooxygenase-2 (COX-2)
inhibitors has been found to decrease the initial
development of ectopic implants in rats (32). Similarly, the
application of different non-steroidal anti-inflammatory
drugs, including celecoxib, indomethacin, sulinac, and
ibuprofen (but not aspirin), has also been shown to reduce
the development of ectopic implants in a mouse model for
endometriosis (33). Moreover, this mouse model offers the
chance to study the impact of environmental pollutants on
the formation of abnormal uterine implants. Previous
studies have shown that prior exposure to dioxin before the
surgical production of endometriosis leads to a
proportional increase in the size of endometriotic sites in
rats and mice. This effect was particularly pronounced in
mice, as shown by Cummings et al. (11). In a novel study,
Dinulescu et al. (34) introduced the initial mouse model of
de-novo endometriosis. When the oncogene K-ras was
activated in ovarian surface epithelial cells, it resulted in
the development of benign epithelial lesions that showed
histomorphological features  resembling  human
endometriosis. However, this activation did not occur in
cells of the peritoneal lining. Furthermore, almost 50% of
the animals exhibited the formation of peritoneal
endometriosis 8 months following the activation of
ovarian surface epithelial cells by K-ras. When Pten is
conditionally deleted, it can contribute to the development
of endometrioid ovarian carcinoma in humans. In addition,
the expression of K-ras can lead to the formation of
metastatic endometrioid ovarian adenocarcinomas. Thus
far, no genetic alterations of K-ras have been detected in
cases of human endometriosis (35). Endometriosis in
women is characterized by intense pelvic discomfort and a
notable decrease in fertility (36). Researchers have
examined the impact of abnormal lesions on reproductive
ability in laboratory animals. While Cummings et al. (11)
did not witness a decline in fertility among mice, they did
observe a decrease in reproductive capacity among rats
with artificially induced endometriosis. This decline could
be attributed, at least in part, to an elevated count of
luteinized unruptured ovarian follicles (37). Furthermore,
the possibility of pelvic adhesions has not been ruled out.
Additionally, the heightened activation of inflammatory
cells in the peritoneum might potentially impact fertility in
individuals with endometriosis. Steinleitner et al. (38)
provided evidence that pentoxifylline, a substance, can
counteract macrophage-mediated subfertility in mice. A
medication that counteracts the impact of excessive
activation of macrophages, and the drug-induced
suppression of macrophage activation improved fertility
in a hamster model of endometriosis (39). Recently,
published research has examined the impact of ectopic
endometrial lesions on pain responses in rats with
endometriosis. The autotransplanted ectopic endometrial
cystic pieces establish their own innervation, consisting of
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both sympathetic efferent and sensory fibers (40). This
innervation may have a broad impact on the nervous
system. This is corroborated by the discovery that vaginal
pain sensitivity was heightened in rats with endometrial
cysts, mirroring the condition observed in humans with
endometriosis. Furthermore, the rats exhibited vaginal
hyperalgesia, as shown by Berkley et al. (41), which is a
symptom commonly associated with heightened pelvic
discomfort in people. There is speculation that neuroactive
substances found in the endometrial cysts could stimulate
nociceptive responses.

The afferents have an impact on the central brain
mechanisms related to vaginal pain perception, as well as
on reproductive processes through interactions between
internal organs (40). It is yet unclear if the rats in this
endometriosis model show any persistent pelvic pain
symptoms other than vaginal hyperalgesia.

ANDROGEN-INDUCED PCOS RODENT MODELS
PCOS is primarily characterized by hyperandrogenism.
An etiologic theory of PCOS suggests that being exposed
to an excessive amount of androgens throughout the early
stages of life can result in the development of PCOS
during maturity. Over 30 years ago, it was documented
that increased levels of circulating androgens in rodents
had an impact on the development of ovarian follicles
and the production of cysts (42). Various androgens, such
as dehydroepiandrosterone  (DHEA), testosterone
propionate (TP), and 5a-dihydrotestosterone (DHT), have
been administered to rats either by daily injections or
subcutaneous implants to create an acute form of PCOS. It
is crucial to acknowledge that there are variations in the
way endocrine hormones and ovarian histology are
reported in various models, leading to some discrepancy
among research. Furthermore, several studies have failed
to evaluate cardiometabolic parameters, and the impact of
daily androgen injection and/or therapy on physiological
indicators such as body weight, stress markers, or food
consumption is typically not documented (43). In these
rodent models, the development of PCOS is temporary and
relies on the administration of androgen hormones.
Therefore, the return to the regular reproductive/ovarian
cycle happens after the injection of androgens is stopped.

PCOS INDUCED BY DHEA

DHEA is the initial androgen hormone that increases
during the peripubertal period in females (44). Research
has shown that approximately 50% of the T hormone
produced in the follicles can come from DHEA in the
bloodstream (45). Additionally, 25% of individuals with
PCOS have higher than usual levels of DHEA in their
bloodstream (46). Roy et al. (47) initially employed DHEA
to produce PCOS in rats. Normally, prepubertal rats that
have not yet reached sexual maturity and are around 22
days old, receive a daily injection of DHEA (6 mg/100 g
body weight, diluted in 0.2 mL of sesame oil) for a period
of 20-27 days. Following therapy, rats experience a
cessation of menstrual cycles and a lack of ovulation (48).

PCOS INDUCED BY TP

Testosterone is administered to young female rats in order
to stimulate the development of polycystic ovaries (49).
This procedure involves the daily injection of TP (1
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mg/100 g body weight dissolved in propylene glycol) into
21-day-old animals for a maximum of 35 days (49).

PCOS INDUCED BY ESTROGEN

Estradiol valerate (EV) is a type of estrogen that has a
long-lasting effect. When it is given, it disrupts the normal
functioning of the hypothalamus and pituitary gland,
which leads to irregular release and storage of LH. LH is
recognized as a crucial causative element in the
progression of PCOS. Administering a 2 mg dosage of EV
to young adult cyclic rats results in anovulation and the
development of polycystic ovaries after 8 weeks (50).

PCOS INDUCED BY LETROZOLE

Aromatase is the primary enzyme responsible for
converting testosterone and androstenedione into
estradiol (E2) and estrone, respectively. The expression of
this gene is prevalent in various human organs, including
the placenta, ovary, and testis (51). PCOS development
may be attributed to reduced ovarian aromatase activity,
according to one of the pathophysiologic hypotheses (52).
Letrozole is a type of medication known as a nonsteroidal
aromatase inhibitor. 1t works by reducing the conversion
of androgens (male hormones) to estrogens (female
hormones) in the ovary. This leads to a rise in
testosterone levels and a decrease in E2 production (51).
Elevated levels of T in the ovaries are very probable to
directly induce polycystic ovaries in rats treated with
letrozole (53). The decrease in estrogen diminishes the
inhibitory effect on LH synthesis in the pituitary, leading
to elevated levels of LH (54), which in turn enhances the
secretion of T by theca cells. Normally, female rats that are
6 weeks old (at the age of puberty) are given letrozole
orally at dosages of 0.1, 0.5, and 1.0 mg/kg every day for
a period of 21 days. As a result, they have a lack of
menstrual cycles and exhibit histological and biochemical
characteristics similar to those seen in human PCOS.

CONCLUSION

This study examines experimental models of two
significant diseases affecting women's reproductive
health: endometriosis and PCOS. Endometriosis is
particularly characterized as an estrogen-dependent
disease, highlighting the role of estrogen in understanding
the disease's development and treatment strategies through
experimental models. Rat and mouse models are crucial in
comprehending the pathophysiology of endometriosis and
testing new therapeutic approaches. These models are
especially valuable in assessing the effects of hormones
and immune system modulators on endometriosis. On the
other hand, experimental models of PCOS emphasize the
central role of hyperandrogenism in the development of
this condition. Models induced by substances like DHEA,
TP, and letrozole provide valuable insights into the
metabolic and endocrinological disruptions associated
with PCOS. Particularly, the letrozole-induced model
helps in understanding the relationship between hormonal
imbalances and the onset of PCOS. The experimental
models of both diseases offer critical knowledge for both
basic science research and clinical applications. The
models of endometriosis and PCOS provide essential data
for better understanding the pathophysiology of these
conditions and developing new treatment strategies. This
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study demonstrates how findings from the use of
experimental models can be utilized to improve women's
reproductive health and develop more effective treatments
for these diseases. Furthermore, a better understanding of
hormonal and immune system-related mechanisms will
guide future research and offer innovative solutions in the
treatment of these diseases. In conclusion, the
experimental models of endometriosis and PCOS are
indispensable tools for better understanding and treating
these diseases. These models reveal the underlying
mechanisms of these complex conditions affecting
women's reproductive health, contributing significantly to
future research and clinical applications.
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ABSTRACT

Heart diseases constitute a significant global burden of mortality and morbidity. This
encompassing word refers to a variety of illnesses, including coronary artery disease, heart
failure, myocardial infarction, and valvular heart disease. Given the imperative need to
comprehend and address these ailments, experimental studies are indispensable. Experimental
animal models serve as indispensable tools in elucidating the mechanisms of heart disease.
They are pivotal for developing novel treatments and assessing the efficacy of existing
therapies. Among the commonly utilized animal models in heart disease research are mice,
rats, rabbits, dogs, and pigs. Each model offers distinct advantages and limitations, allowing
researchers to probe specific facets of cardiac pathology and unravel the intricate mechanisms
involved in heart disease. In this comprehensive review, it was aimed to provide a succinct
overview of the various animal models employed in heart disease research. The advantages
and drawbacks of each model were delineated, the aspects of human heart disease they emulate
were elucidated, and pivotal research findings facilitated by their utilization were highlighted.
By synthesizing this information, it was the endeavor to provide researchers and clinicians
with valuable insights into the diverse array of animal models available for investigating heart
diseases, ultimately paving the way for enhanced understanding and treatment of these
debilitating conditions.

Keywords: Coronary artery disease; heart failure; myocardial infarction; rodents; ischemia.

(0V7

Kalp hastaliklari, diinya ¢apinda 6nemli bir 6liim ve hastalik yiikiinii olusturur. Bu genel terim,
koroner arter hastaligi, kalp yetmezligi, miyokard enfarktiisii ve kapakgik kalp hastaligi gibi
cesitli durumlar kapsar. Bu hastaliklar1 anlama ve ele alma gerekliligi géz 6niine alindiginda,
deneysel c¢alismalar kaginilmazdir. Deneysel hayvan modelleri, kalp hastaliklarmin
mekanizmalarmi agiklamada vazgecilmez araglar olarak hizmet eder. Yeni tedaviler
gelistirmek ve mevcut tedavilerin etkinligini degerlendirmek i¢in kilit 6neme sahiptirler. Kalp
hastalig1 aragtirmalarinda yaygin olarak kullanilan hayvan modelleri arasinda fareler, siganlar,
tavsanlar, kopekler ve domuzlar bulunmaktadir. Her model, arastirmacilarin kalp patolojisinin
belirli yonlerini incelemesine ve kalp hastaliginda rol alan karmasik mekanizmalari ¢g6zmesine
olanak taniyan farkli avantajlar ve kisitlamalar sunar. Bu kapsamli incelemede, kalp hastalig
aragtirmalarinda kullanilan ¢esitli hayvan modellerinin kisa bir 6zetinin sunulmasi
amaglanmustir. Her bir modelin avantajlar1 ve dezavantajlari belirlenmis, insan kalp hastaligini
taklit ettikleri yonleri agiklanmis ve kullanimlarina olanak taniyan dnemli arastirma bulgulari
vurgulanmistir. Bu bilgileri sentezleyerek, arastirmacilarin ve klinisyenlerin kalp hastaliklarini
arastirmak i¢in mevcut ¢esitli hayvan modellerine sagladigi degerli bilgilerle, bu rahatsiz edici
durumlarin anlagilmasinin ve tedavisinin gelistirilmesine katkida bulunmak amaglanmistir.
Anahtar kelimeler: Koroner arter hastaligi; kalp yetmezligi; miyokard enfarktiisii;
kemirgenler; iskemi.
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INTRODUCTION

There are numerous cardiovascular disorders; some affect
the heart (myocarditis, coronary heart disease,
hypertension), while others damage the arteries (atherosclerosis)
or veins (thrombophlebitis). Myocardial infarction (Ml),
one of the most prevalent cardiovascular disorders, is an
acute condition that causes necrosis of the heart muscle
tissue (myocardium) as a result of a complete or partial
blockage of blood supply to the heart (1). This condition
affects the integrity of the cardiovascular system and can
lead to serious complications or death of the patient. Such
violations usually occur on the basis of atherosclerosis of
the coronary arteries. Atherosclerosis leads to the
narrowing of the coronary arteries and damage to the walls
of blood vessels, which creates the basis for the formation
of blood clots and arterial stenosis. Cardiovascular
diseases account for 30% of deaths in Europe and America
and 32% worldwide. According to the data of the Turkish
Statistical Institute, approximately 505 thousand people
died in 2022. Cardiovascular diseases accounted for 34.5%
of these deaths. When deaths from circulatory system diseases
were analyzed according to sub-clauses of death, it was
reported that 42.3% of the deaths were due to ischaemic
heart diseases, 23.5% were due to other heart diseases and
19.2% were due to cerebrovascular diseases (2). Among
cardiovascular diseases, MI is still one of the leading
causes of death and hospitalization in Turkey and
worldwide. Today, the incidence of Ml is increasing even
in people under 40 years of age. Ml is usually associated
with diseases such as atherosclerosis, hypertension, and
diabetes. In most cases, patients usually have a painful
form of MI, which allows doctors to accurately diagnose
the disease and start treatment quickly (1).

Animals utilized in research serve as crucial assets for
comprehending the pathophysiology of diseases and for
advancing therapeutic strategies. They are employed in
fundamental medical and veterinary investigations. A
diverse array of animals has been identified as effective
models for studying diseases affecting both humans and
animals alike. These research subjects encompass mice,
rats, rabbits, guinea pigs, sheep, goats, cattle, pigs,
primates, dogs, cats, birds, fish, and frogs (3). Our
understanding of the cardiovascular system has
substantially increased in recent decades; nonetheless,
further study is needed to broaden our knowledge and give
new therapeutic possibilities. There is also a need for a
good animal model where cardiovascular function and
illness may be researched efficiently and reliably, with
possible translational applicability to humans (4). Animal
models have contributed much to our understanding of the
cardiovascular system. Small animals (Drosophila,
Zebrafish, Xenopus, mice, and rats), medium-sized
animals (Guinea pigs, rabbits, cats), and large animals (dogs,
pigs, sheep, and non-human primates) continue to be
important in preclinical research. However, criticism of
animal-based platforms is emerging because, by
definition, animal models represent inaccurate facsimiles
of human diseases and disorders with differing genetic
backgrounds and disease development mechanisms (5).
Cardiac illnesses are frequently created in healthy animal
models by genetic, pharmacological, or surgical
modification. Certain animal species are better suited for
specific induction procedures. Mice are good for creating
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genetic models, although surgical treatment is typically
used on larger rodents and animals such as rats, rabbits,
and dogs (4). The rat has been used as a basic model in
cardiovascular research for many years (6). Experimental
procedures have been developed to induce cardiovascular
disease states in this species, such as cardiac hypertrophy
and failure, MI, and systemic and pulmonary hypertension.
Additionally, rat species that have these diseases
spontaneously (congenitally) have also been bred. In order
for an animal model developed for any cardiovascular
disease in humans to be ideal, it is expected to have 5
important characteristics: a) it should resemble the disease
observed in humans and enable chronic disease studies,
b) it should produce predictable and controllable symptoms,
¢) it should be economic-technical, d) it should be acceptable
in terms of animal ethics, and e) allow the measurement of
heart-related biochemical or hemodynamic parameters.
There are also some difficulties with the models used in
cardiovascular system diseases. For example, conditions such
as hypertension or heart failure (HF) are slowly developing
diseases accompanied by large-scale neuro-humoral
adaptations in humans, whereas in animal models these
diseases are induced acutely either with the help of surgical
methods or drug administration. On the other hand, while
cardiovascular diseases are not common in young people,
they occur with aging, but the incidence is increasing. In
contrast, young adult rats are used in many hypertension
and HF studies. The animal model of aging is just
beginning to be detailed. Moreover, despite the presence
of high blood lipid levels, the development of atherosclerosis
is not observed in most species of rats. However, animal
experiments also have a very important place in advances
in other areas of medicine. For example, almost all advances
in cardiac surgery are based on animal experiments (7).
This review aimed to bring together the experimental
animal models in heart disease that have been developed
to date and to systematically present more understandable
and comprehensive data.

ANIMAL TYPES USED IN EXPERIMENTAL
MODELS OF HEART DISEASE

Small Rodent Models

Mus musculus (mice) and Rattus norvegicus (rats) are
essential for animal models of heart illness, with each
species providing distinct advantages. Mice and humans
share genetic and physiological similarities, therefore
genetically modified mouse models are thought to be
useful in studying specific cardiac genes and signaling
networks. Rats, with their bigger stature than mice, make
surgical operations easier, allowing researchers to
faithfully recreate human cardiac diseases such as ischemic
heart disease and hypertension using techniques such as
coronary artery ligation. Their anatomical similarities
enable the study of surgical methods and interventional
therapies applicable to human patients (8). These studies
have helped develop new treatments and test the
effectiveness of existing treatments. With thirty thousand
protein-coding genes each, mice and rats are the most
widely used animal models. Their genomes are highly
similar to the human genome (9). Rodent models are
frequently used in cardiovascular research because they
are easier to handle and house, have a shorter gestation
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period, can be genetically manipulated to produce
transgenic strains, and have lower maintenance costs; thus,
they are better suited for "high throughput™ studies than
large animal models (10). Because of these qualities, tiny
rodent models are the most widely employed in
investigations of heart physiology and illness, genetics,
pharmacology, and long-term survival (4). However,
because rodents are phylogenetically distant from humans,
some pathophysiological aspects of disease and their
responsiveness to pharmaceutical therapies may not be
valid indicators (4,10). Rodent models serve an important
role in laboratory-based cardiac research. They have a
four-chamber heart structure similar to humans, with high
genomic sequence similarity, and are relatively easy to
handle, take up less space, and cost less than more evolved
species. Mouse models have become the most common
due to the widespread availability of genetically modified
lines and established techniques for manipulating gene
expression. Rats are also extensively employed in
laboratories and have superior surgical manipulation and
imaging capabilities than mice. Rat models that have
been genetically engineered are increasingly being
employed (11). The three main approaches to inducing
heart disease in rodents are surgical, pharmacological, and
gene manipulation (12). Technological advancements
have enabled the measurement of many in vivo cardiac
parameters in small rodents, complementing molecular, in
vitro, and ex vivo functional research. These techniques
include echocardiography, cardiovascular magnetic
resonance imaging, electrocardiography, pressure-volume
loops, and blood pressure measurement (4).

Medium Animal Model

The rabbit is a medium-sized animal with many cellular
and molecular traits similar to humans, and it is a viable
option for larger mammals. Several rabbit models are
employed, including pressure or volume overload,
ischemia, fast pacing, doxorubicin, drug-induced
arrhythmias, transgenesis, and infection. These models
also aid in the evaluation of therapy methods that may
prove effective in human heart illness (13). Because of its
medium size, rabbits have various potential benefits over
other animals. Although the rabbit heart is smaller than
that of a dog or a pig, it is large enough to allow for
surgical and catheter-based therapies at a significantly
reduced cost (5-15 times less expensive than those of
dogs). At the same time, several 'adult human scale'
therapies have been or are being scaled down for pediatric
usage and assessment (e.g., pacemakers and CRT),
allowing rabbit models to be useful. In rodents, surgical
interventions remain  more  straightforward than
microsurgical methods. More critically, rabbit cardiac
physiology resembles human cardiac physiology more
than mice or rats (14). Indeed, cellular electrophysiology
and Ca++ transport in rabbits are more similar to those in
humans than in rats or mice (15). This is especially
important for research into HF and arrhythmias since
changes in ion channel and Ca++ transporter function or
expression are hypothesized to contribute directly to poor
contractile performance and arrhythmogenesis (16).
Large Animal Models

The primary benefits of in vivo studies using large
mammalian hearts are that: a) they can legitimately claim
to be physiologically and/or clinically optimal, b) they
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allow for chronic studies, c) they allow for assessment of
cardiac function and responses in the intact animal, and
d) they are probably the best model for new drug screening
and toxicity testing due to their conserved molecular
mechanisms with humans rather than small animals such
as rodents (17,18). However, it is important to recognize
that these animal models are not representative of human
ischemic heart disease. Most animal experiments use the
abrupt closure of a coronary artery in previously healthy
tissue. This is very different from the complex and
progressive development of human cardiovascular disease,
which includes underlying vascular disturbances as well as
genetic and environmental components. There are also
cost and logistical issues with employing large animal
models. Most notably, large animal models are
significantly more expensive to purchase and maintain in
animal facilities than small animal models; daily housing
fees for large animals are 30 to 90 times higher than those
for mice (4,18).

Because of their close resemblance to human physiology,
canine models are especially useful for studying
conduction physiology and rhythm problems, as well as
research based on heart rate, oxygen intake, and
contractility. They have proven to be suitable candidates
for long QT syndrome (LQTS) study as well as studies of
Duchenne muscular hypertrophy, Brugada syndrome, and
cardiac failure. Porcine models (Sus scrofa domesticus) are
differentiated by their anatomical similarity to the human
coronary circulation, making them ideal models for the study
of myocardial ischemia and infarction. Their applications
include the study of post-infarction remodeling, regenerative
treatment methods, and interventional cardiology
procedures. Ovine models (Ovis aries) play an important
role in the advancement of cardiac surgery, cardiovascular
interventions, medical device testing, hemodynamic
studies, pharmacological research, and cardiovascular
imaging due to their anatomical and physiological
similarities to humans, as well as their manageable size.
Less common models, such as non-human primates like
macaques and baboons, are widely employed in
atherosclerosis research to investigate the effects of dietary
changes, innovative pharmacological regimens, and
cardiac imaging studies (8).

THE MOST COMMON ANIMAL MODELS USED
TO STUDY HEART DISEASE

Models of Myocardial Infarction

MI is the most severe clinical manifestation of coronary
heart disease in particular and is the result of acute or
chronic myocardial ischemia caused by the mismatch in
oxygen demand and oxygen supply (19). Ml is defined as
“myocardial cell death due to pathologically prolonged
ischemia”. Research models of infarction and myocardial
ischemia are critical for investigating the acute and chronic
pathobiological and pathophysiological processes in
myocardial ischemia, as well as developing and optimizing
future treatments (20). Animal models must meet specific
requirements for testing cardioprotective treatments for
MI. Animal models are very useful in understanding the
underlying pathophysiology and progression of ischemia
to MI and unblocking clinical studies. Preclinical research
contributes to the development of new strategies for the
diagnosis, prevention, and treatment of Ml, as well as their
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implementation in clinical settings (21). Currently, Ml
models can be split into two types. The first is an acute
model, while the second is chronic. The acute model is
often created either by coronary artery ligation or by
medication induction. Both occlude the bloodstream,
resulting in the pathological process of MI. However, none
of these methodologies incorporate the pathological
process of atherosclerosis development, which is the
foundation of a true acute Ml (22).

Surgical Ligation Model of Acute MI

The most common surgical technique for acute MI is
closure of the left anterior descending coronary artery.
Ligating different portions of the coronary artery might
cause MI. Johns and Olson (23) established this approach
in 1954, and with a few madifications, it is currently
commonly employed in both small and large animals. The
surgical process consists of multiple steps. Briefly, the
animals are sedated and placed in the supine position. The
left side of the sternum is incised laterally, as are the third
and fourth intercostal muscles. The retractor separates the
third and fourth ribs; the heart is revealed through
squeezing; and the left anterior descending coronary artery
is ligated with sterilized sutures. Electrocardiography is
used to validate the process; ST segment elevation and
white staining of the anterior wall of the left ventricle
suggest the onset of MI. The main disadvantages of this
model are the high death rate, postoperative infection,
infarct size ranging from 4 to 59%, and the requirement for
professional hands and an artificial ventilator (24,25).
Chemical Models of Acute Ml

Isoproterenol-Induced MI Model

Isoproterenol  (isoprenaline, 1SO) is a synthetic
sympathomimetic catecholamine. Although it is very
similar in structure to adrenaline, it only stimulates f1 and
B2 receptors and does not affect a receptors at all. It is the
first and widely used agent to experimentally induce Ml in
rats (26,27). Rats with acute MI caused by I1SO provide a
well-established, non-surgical animal model (28).
Compared to the surgical model, this one has a number of
benefits, including low mortality, ease of use, non-surgical
approach, and consequently no risk of post-operative
infection. This paradigm works best with rats, although it
has also been observed to work with mice and rabbits,
among other species (29,30). The most advantageous
aspect of the usability of ISO is that it has been stated that
high doses of rats overlap with all biochemical,
physiopathological, and histopathological changes of heart
attack in humans, and therefore the 1SO-induced heart
attack model is well-standardized. This model is
frequently used to investigate the beneficial effects of
many drugs or their effects on cardiac functions (31). ISO
administration is usually administered on the last two days
of the study, regardless of the duration of the study. Ml in
rats is induced by subcutaneous injection of 65-150 mg/kg
ISO hydrochloride dissolved in saline (26,29,32). Reactive
oxygen species (ROS) are produced when ISQO is oxidized.
ROS modify membrane permeability, raise levels of
cardiac-specific enzymes, cholesterol, and low-density
lipoprotein, and lower levels of endogenous antioxidant
enzymes (26,33). Potential pathways of 1SO-induced Ml
include oxidative stress, ischemia, intracellular calcium
loading, metabolic modifications, and changes in
electrolyte concentration (34,35).
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Adriamycin (Doxorubicin)-Induced MI Model
Adriamycin is a broad-spectrum anticancer medication
used to treat hematologic malignancies and a variety of
solid cancers. Adriamycin's primary side effects are
cardiomyopathy and HF. According to studies, oxidative
stress is a key factor in the development of adriamycin
cardiotoxicity (36). Cytotoxic and cytostatic mechanisms
of action of doxorubicin include topoisomerase Il
inhibition, non-radical-dependent mechanisms such as
binding of doxorubicin-iron complex to DNA and
interaction of DNA base pairs with the drug, and DNA
damage by free radical production (37). Numerous
additional mechanisms have been proposed as
adriamycin's modes of action. Numerous investigations
have documented changes in calcium metabolism
following doxorubicin treatment, primarily in the area of
calcium excess. Increased intracellular calcium, calcium
buildup in the ventricular myocardium, calcium inclusions
in the mitochondria, abnormalities in calcium transport in
cardiac tissue, and modifications to the sarcoplasmic
reticulum's ability to release calcium through effects on the
Cat++-ATPase and Ca++ release channel are some of these
changes. HF may cause calcium to build up inside heart
cells, therefore the increase in calcium levels that have
been seen is more likely a result of the action of adriamycin
than a cause (38). Rats administered adriamycin are often
used in research to understand the mechanism of
cardiotoxicity and to prevent it. Adriamycin administered
to rats at 2 mg/kg/week for 12 weeks causes decreased
blood pressure and cardiac output, and the development of
pleural effusion, ascites, and liver congestion. The
advantage of this model is that it is simple, noninvasive,
economical, and develops quickly (36).
Adrenaline-Induced Myocardial Infarction Models

Also known as epinephrine, adrenaline is primarily a stress
hormone produced by the adrenal glands and released into
the bloodstream. It also has medical uses, including the
treatment of cardiac arrest, allergic reactions, and
asthma. However, it has been shown that high doses of
adrenaline can increase the formation of ROS and reactive
nitrogen species (RNS), leading to tissue damage (39). Ml
induced by adrenaline in rats is considered a reliable
experimental model for studying the cardioprotective
effects of drugs (2). Additionally, it has been discovered
that adrenaline promotes lipid peroxidation and depletes
cellular antioxidants as a contributing factor to Ml (40).
When adrenaline is administered, it is applied on the last
two days of the study, similar to the ISO model. Ml in rats
is induced by subcutaneous injection of 1 mg/kg
adrenaline dissolved in physiological saline. At the end of
the study, changes in the ST segment on
electrocardiography as well as alterations in CK-MB,
cTn-T, and cTn-1 levels are observed. Moreover, increases
in oxidative stress parameters such as MDA and total
oxidative status are noted. Additionally, histopathological
changes are observed (2).

MI Model Induced by Coronary Artery Embolization Method
In the coronary artery embolization method, the
microsphere that causes intracoronary embolization is
created by intracoronary injection of agarose or
polystyrene beads or autogenous blood carrying thrombin
or fibrinogen (24,41). This method is mostly preferred in
large animal models. This approach was developed by
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Sabbah et al. (42). It was created by applying embolization
with a catheter 3-9 times at different times for 1-3 weeks,
using a closed ribcage model on dogs.

Coronary artery embolization is induced percutaneously.
For this reason, the risk of serious inflammation observed
after surgical interventions such as thoracotomy is
reduced. In addition, this model resembles the clinical
conditions of patients with HF and acute coronary
syndrome in whom atherosclerotic embolization and
thrombolytic  debris have entered the coronary
microcirculation. The factor that limits the embolization
method is the uncertainty of the area of coronary artery
occlusion and whether it is in the desired location (24).

MI Model Induced by Cryonecrosis Method

This pattern is induced by cryosurgery. After intercostal
thoracotomy, it was created by using a 0.18x1.2 cm? liquid
nitrogen probe in the left ventricle 15 times for 20 minutes.
However, with the cryodamage method, transmural lesion
formation and therefore fibrosis may not always occur and
aneurysm formation may not be observed. This model has
generally been applied to rats and rabbits (24,43). The
model is highly reproducible, easy to implement, and can
be set up quickly and reliably. It produces a consistent
transmural infarct lesion independent of coronary anatomy
and eventually leads to HF. This method is particularly
suitable for evaluating innovative pharmacological and
tissue engineering-based strategies and studying the
remodeling process (2).

Electrically-Induced Myocardial Infarction

The use of rodent MI models provides a fundamental
basis for studies investigating MI processes and how they
can be treated. The experimental MI model created by
electrical stimulation is performed with echocardiography
support (44,45). The advantages of this model include
being minimally invasive in mice and providing high
repeatability. Its disadvantages include requiring expertise
in intervention and imaging, as well as the high cost of
equipment. The anesthetized mouse is positioned in a
supine position on the imaging platform. Subsequently,
the mouse's legs are spread and secured with a band.
The ventral neck area of the mouse is shaved and the
shaved area is disinfected with a 10% povidone-iodine
solution (2). The left anterior descending artery (LAD) is
evaluated using high-frequency ultrasound. A neutral
electrode is attached to the mouse's right leg. Then, a
micro-manipulator-controlled monopolar needle is slowly
inserted into the closed chest cavity. The needle is
gradually directed towards the targeted area. While the
needle is on the LAD, an electrosurgical unit is used to
coagulate the area with electricity. Subsequently, the
needle is slowly withdrawn. The formation of MI or
occlusion, meaning the absence of blood flow distal to the
occlusion, akinesia in the affected part of the left ventricle,
and typical electrocardiography changes within seconds
confirm the occlusion. Cardiac morphological changes are
evaluated with electrocardiographic and echocardiographic
parameters along with cTn-T or cTn-1 (2).

MI Model Induced by Hydraulic Occluder and Ameroid
Generator Methods

This method is used to occlude all or part of the coronary
arterial branches, especially in large animal models.
Therefore, these methods are suitable for the coronary
stenosis model required for inducing MI and HF and for
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examining myocardium hibernation (27,46,47,55,56). A
left anterolateral thoracotomy is required for occluder
implantation. Following the pericardial incision, the LAD
branch is dissected, and the hydraulic occluder is then
positioned around the vessel. After that, the hydraulic
occluder is inflated to produce either a full or partial
occlusion. To ascertain the extent of the obstruction and
document the flow rate in the LAD, an ultrasonic flow
probe is positioned distal to the obstruction (24,47).

The ameroid constrictor is implanted using the same
technique, but a different mechanism is used to apply the
obstruction. Because casein polymeric material is
hygroscopic, the ring surrounding the vein gradually
narrows at body temperature. The ameroid constrictor has
been employed in investigations involving big animal
models of M, just like the hydrolytic occluder (24,47).
MI Model Induced by Coiling/Gelfoam Methods

In this method, after the carotid artery is dissected and
exposed, the coils are placed into the LAD. Gelfoam
sponges are placed inside the coils to completely close the
coronary artery (48,49). Coils and sponges are also placed
at the source of the second diagonal artery. This method is
a technique that eliminates suturing around diagonal
branches and thoracotomy. It may induce inflammation
and formation of collateral circulation after surgical
ligation with sutures. The development of platinum coils
in harmony with magnetic fields has facilitated the method
of occlusion of the coronary artery with a percutaneous
catheter (24).

MI Model Induced by the Cauterization Method

The first starting point of this method, also known as
burning, is the Ml model created with the use of a green
laser (50). Briefly, the cauterization method was
developed by being inspired by and modifying this model;
4-5. A one cm incision is made between the ribs after the
skin is opened in the dorsoventral direction, the pectoral
muscles are opened with the help of a retractor without
cutting, and before the heart is taken out, slight pressure is
applied to the rib cage to compress the heart, and
cauterization is applied to the same point three times to
induce MI from the distal end of the left coronary anterior
descending artery extending along the anterior of the heart.
The application is done once. The most important
advantage of this method over ligation is that the heart is
not removed during the surgical intervention and therefore
there is no need for intubation.

Models of Chronic Myocardial Infarction

The chronic coronary artery disease (CAD) model can
generally simulate the natural pathogenesis of CAD. It can
be used to study the pathological processes of CAD. The
methods of making these models include interventional
oppression, high-fat diet, and high-fat diet combined with
drugs or ligation. The high-fat diet method involves
feeding the experimental animals with rich cholesterol
foods for a relatively long time. It induces hyperlipidemia,
atherosclerosis, and sclerotic plaques, which result in
stenosis in the blood vessels and myocardial ischemia.
This method is closest to the clinical pathological and
physiological processes of CAD. It is better for observing
the pathology of CAD and for comprehensive efficacy
testing of drugs, but it requires longer preparing the model
and the degree of ischemia is also difficult to control. At
present, this method is successfully used with rats and
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rabbits (22,51). A combination of medicines and ligation
in conjunction with a high-fat diet can be used. The animal
is first fed a high-fat or high-cholesterol diet for an
extended length of time, resulting in lipid metabolic
dysfunction and the progressive emergence of
atherosclerosis. Myocardial ischemia can then be caused
by a combination of medication injection and ligation. This
technique allows for the convenient study of pathological
changes and processes, as well as the treatment effect of
medications on blood lipids, vascular lesions, and heart
injury. The drug-induced effects are typically unstable,
and ligation necessitates advanced surgical skills.
Furthermore, this model cannot be employed in clinical
settings to investigate autolysis recanalization, hence it is
not optimal (22).

Animal Models of Heart Failure

HF is the number one cause of death worldwide. HF has a
high death rate, with around 50% of patients dying within
5 years of diagnosis, which is higher than the mortality rate
for most cancers (52). Furthermore, the prevalence of HF
in industrialized nations is rising, resulting in a massive
economic burden. The increase is due, at least in part, to
improved treatment for acute MI, which has reduced
mortality but not morbidity and is based on the number of
surviving patients. Additional variables include an
increased prevalence of comorbidities, which predispose
to and accelerate the development of HF. As a result, there
is an urgent need to change these risk factors and find new
therapeutic approaches for HF patients (9).

To prevent and control HF caused by heart disease, it is
vital to understand the pathophysiological mechanisms
underlying these disorders and create innovative
therapeutic techniques in response (5,8). Current
treatments essentially halt the progression of this illness,
highlighting the need for novel preventative and reparative
therapy. The development of these innovative HF
medicines necessitates testing of potential therapeutic
techniques in relevant HF animal models (53).

Four clinical situations that can cause HF are described:
Each will highlight essential characteristics of the clinical
phenotype and recommend features of the clinical
condition that should be included in an animal model
designed to imitate the human state. Most animal models
struggle to match the complexity of human illnesses that
cause HF. HF models induced by myocardial ischemia:
These are models created by coronary artery ligation and
embolization (53,54). Tachycardia-induced HF model:
Failure is created as a result of tachycardia with a fast atrial
or ventricular pacemaker. In this model, due to technical
difficulties, larger animals rather than small animals are
generally used (54).

HF models created with pressure load and volume load:
Pressure load with aortic valve stenosis and volume load
with mitral valve insufficiency. HF models have been
created with aortic stenosis in the supravalvular position in
large animals such as cats, dogs, sheep, and pigs, and with
transverse aortic stenosis in small animals such as mice.
Mitral insufficiency and HF have been caused in dogs by
cutting the chordae tendineae or by beta-adrenergic and
angiotensin 11 pathways (53-55).

HF models are caused by hypertension and dilated, restrictive
cardiomyopathy. Dilated cardiomyopathy is defined by
ventricular dilation, systolic dysfunction, and diastolic
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filling abnormalities. The most important structural
change is the increase in myocyte length and width.
Additionally, interstitial fibrosis, decrease in extracellular
matrix, progressive myocyte death, and decrease in
capillary density are detected. In small and large animals,
cardiomyopathy can be induced ischemically by surgical
methods such as coronary artery ligation or damage, or by
toxic agents (ISO, doxorubicin). Cardiomyopathy models
can be used using spontaneously hypertensive rats, which
develop spontaneous cardiomyopathy as they age, or in
some cases genetically (53).

CONCLUSION
To summarize, the use of animal models in cardiovascular
disease research is critical for improving our

understanding of the pathophysiology of heart illnesses
and evaluating new treatment options. From small animal
models like mice and rats, which have provided valuable
insights into genetic and molecular mechanisms, to larger
animal models such as canines, swine, and sheep, which
offer more similarities to human cardiovascular anatomy
and physiology; each model has its advantages and
disadvantages. However, the careful selection and design
of animal models that mirror the specific
pathophysiological mechanisms and characteristics of
heart diseases in humans are essential for gaining crucial
information to advance our understanding of
cardiovascular diseases. These models not only allow for
the study of anatomical, physiological, and cellular
changes in cardiac disorders but also serve as a platform
for the development of new therapeutic methods and the
assessment of treatment efficacy. By considering the
genetic homogeneity or heterogeneity, anatomical and
physiological attributes, availability of background data,
and practicality of using the animal model in research,
researchers must ensure that the selected model accurately
reflects the physiological and pathophysiological aspects
of human cardiovascular disease. As research in
cardiovascular disease continues to evolve, the role of
animal models remains paramount in providing valuable
insights into the pathophysiology of HF and the testing of
potential therapies and interventions. Therefore, the
careful consideration and selection of appropriate animal
models for cardiovascular disease research are crucial in
developing preventative and ameliorative treatments for
this significant global health concern.
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ABSTRACT

Pharmacology, also known as pharmaceutical science, has made significant progress,
especially in the 20th century, and has played a fundamental role in the development of today's
modern drugs. Pharmacology uses in vitro, in vivo, and clinical research stages in drug
development. Experimental animals are of great importance in in vivo research. The majority
of the drugs used today were developed thanks to animal research. Research in which
experimental animals will be used should be planned carefully, and a minimum number of
animals should be used since the subject is a living being. In addition, one of the most important
ethical principles is to avoid procedures that may cause unnecessary torture and pain to animals
during experiments. The purpose of pharmacological research is to develop drugs for the
treatment or diagnosis of diseases. For this reason, it is aimed at determining the effects of the
substance you are researching in the presence of disease. Immediate use of a substance whose
effects were previously unknown on humans may lead to various adverse events and even
death. After many events in the past, drug development stages have been determined by
accepted international rules. According to these rules, the effect of the substance being
investigated must be investigated in experimental animals that have been used as disease
models before humans. Many disease models have been developed for this purpose. Drugs
developed in these disease models created in experimental animals are now successfully used
in the treatment of humans.

Keywords: Pharmacology; experimental animal; disease models; medicine; experimental design.

(0V7

Ilag bilimi olarak adlandirilan farmakoloji dzellikle 20. yiizyilda ¢ok 6nemli bir ilerleme
kaydederek gliniimiiz modern ilaglarinin gelistirilmesinde temel rol almistir. Farmakoloji ilag
gelisiminde in vitro, in vivo ve klinik aragtirma basamaklarindan yararlanmaktadir. Bunlarin
icerisinde bulunan in vivo arastirmalarda ise deney hayvanlarimin O6nemi biyliktiir.
Giintimiizde kullanilan ilaglarin biiyiik ¢ogunlugu deney hayvanlari arastirmalar sayesinde
gelistirilmislerdir. Deney hayvanlarinin kullanilacagi arastirmalar, 6znenin canli bir varlik
olmasi nedeniyle dikkatli planlanmali ve asgari sayida hayvan kullanimi saglanmalidir. Bunun
yani sira deneyler sirasinda da hayvanlara gereksiz yere eziyet ve aci verebilecek islemlerden
kaginilmasi en 6nemli etik ilkelerdendir. Farmakolojik arastirmalar amaci hastaliklara karsi
tedavi veya tani amaciyla ilag gelistirmektir. Bu nedenle arastirilan maddenin hastalik
varliginda etkilerini tespit etmek amaglanmaktadir. Daha 6nce insanlarda etkileri bilinmeyen
bir maddenin hemen insanlarda kullanilmasi cesitli olumsuzluklara hatta Gliimlere yol
acabilecektir. Gegmiste yasanan pek ¢ok olay sonrasinda ilag gelistirme asamalari uluslararasi
kabul edilen kurallar ile belirlenmistir. Bu kurallara gore arastirilan maddenin etkisinin
insanlardan oOnce hastalilk modeli olusturulmus deney hayvanlarinda arastirilmasi
gerekmektedir. Bu amagla gelistirilmis pek ¢ok hastalik modeli olusturulmustur. Deney
hayvanlarinda olusturulan bu hastalik modellerinde gelistirilen pek ¢ok ilag giiniimiizde basar1
ile insanlarin tedavisinde kullanilmaktadir.

Anahtar kelimeler: Farmakoloji; deney hayvani; hastalik modelleri; ilag; deney tasarimu.
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INTRODUCTION

The use of experimental animals in pharmacological
scientific research has an important place among all
pharmacological research. Especially in the last century,
experimental animal research has played an important role
in the development and introduction of modern medicines.
In pharmacological scientific research, the design and
planning of animal experiments are the most important
steps for the success of the study. Each stage should be
planned carefully, and waste of animals, time, and
resources should not be allowed. The aim of this review
was to give brief preliminary information on some issues
that should be taken into consideration when using animal
experiments in pharmacological scientific research and
disease models in animals. Although some of the most
used experimental animal models in the literature were
included in this study, not all of them were mentioned.

ANIMALS IN PHARMACOLOGICAL RESEARCH
The use of experimental animals played an important role
in the development of modern medicine. The reason for
this is that although the substances whose effects are
investigated on humans may differ in type, observing their
effects in another living organism and physiological
system produces more realistic results when applied to
humans. That's why in vivo research has maintained its
value for years. Studies with the first known experimental
animal date back to 400 BC. Nobel Prize in Physiology
between 1901 and 2020, or 186 scientists who won the
Medicine (NPPM) award used experimental animals in
their projects. 23 of these projects are directly related to
pharmacology (1).

ANIMAL SPECIESUSED IN SCIENTIFIC RESEARCH
Looking at the research, the preferred animal species in
pharmacology research are mice, rats, rabbits, and guinea
pigs. It is seen that there are pigs, pigs, dogs, and monkeys.
Among these species, mice, rats, and rabbits are the most
preferred. The reason for this is that these can be counted
as their low body weight, their similarity to human
anatomy (presence of similar organs), and their easy
intervention. The type of animal to be used varies
depending on the research goal. Even fish, pigeons, or
helminths can be used (1). If surgery is to be performed in
the research model, larger animals may be preferred.
Although animal preferences vary depending on the
disease model to be studied, many reasons should be taken
into consideration, such as the amount and cost of the
drugs to be administered, laboratory infrastructure,
experience of the research, and compliance with the
legislation. When we look at the percentage distribution of
mammal species used in Nobel Prize-winning research, it
is seen that the rodent species (mouse, rat) are the most
common (42%), dogs (14%), rabbits (13%), and then other
animal species (1).

PLANNING  ANIMAL  EXPERIMENTS IN
PHARMACOLOGICAL RESEARCH

First of all, the problem should be determined through
broad and comprehensive literature research. Afterward, a
hypothesis regarding the problem should be put forward.
The thing to consider in literature research is whether there
has been a satisfactory publication on the subject you are
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researching. Trying to find an answer before is nothing but
a waste of time and resources, except in some cases. After
determining our hypothesis, it is necessary to determine
the most accurate experimental method to prove it. This
method may not always be an experimental animal
research method in pharmacological research (Figure 1). If
the best way to prove our hypothesis is through
experimental animal research, we need to choose the most
appropriate animal breed and disease model. When
determining this choice, many issues such as our project
budget, accessibility, the cost of the substance we will use
for treatment, laboratory infrastructure, having a
laboratory animal certificate, and the ability to apply the
model should be considered. The 3R rule can help in this
regard. The first R of the “3R” rule, one of today's
bioethics rules, is “reduction”. This principle aims to keep
the number of animals used in experiments as low as
possible. Second R; “refinement” means to foresee and
ensure the welfare and comfort of the animal. This
principle aims to ensure that the living conditions of the
animal are comfortable during the process, from the time
it is selected for the experiment until its death. Third R: It
is the principle of “replacement”. The purpose of this
principle is that if the same results can be achieved with
other experimental models other than experimental
animals, they should be chosen first in the research. Today,
“responsibility” has also been added to these principles.
This principle can be summarized as conducting research
by knowing the value of the experimental animal and
complying with ethical rules (2). In light of these
principles, research should be carried out by determining
the minimum number of animals possible. Groups must be
determined for the number of animals to be used.
Statistical methods can be used for this. Reducing the
number of animals in groups leads to less clarity as to
whether the effect we are investigating is occurring.
Groups with fewer than four animals each are considered
non-consensual. If the therapeutic effect of a substance in
a disease model is being investigated, it is generally
recommended to use at least three different doses. This
gives an idea about whether the drug-related effect is
dose-dependent or not. Studies using a single dose are
studies with less scientific competence. There must be
control groups in studies. The group to which you applied
the substance or method should be compared with groups
to which no substance or method was applied. The purpose
of this is to reveal whether the substance or method you
are researching is different from normal or the effects of
the research. If the substance or method you are
researching does not reveal a significant difference
compared to the control groups, it is considered to have no
effect (3).

There are multiple types of control groups. Placebo
control: In this group, animals are given a treatment that

Determination of
animal experiment
model

Selection of
scientific method

Literature
research

Hypothesis
determination

Figure 1. Experimental design algorithm
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you think will not have any effect on the same treatment
you give. For example, as a control of a drug administered
to the gastrointestinal system via gavage, a 0.9% NaCl
solution is given in the same way and the same amount.
Here, it is investigated whether your medicine has any
effect. Positive control: In this control group, a drug or
substance that is currently used in the treatment of your
disease model is administered to the control group. Here,
it is investigated whether the effect of your medicine has a
significant effect compared to the known treatment drug
currently in use. Vehicle control: This control group, is
aimed at investigating whether the substance used to make
your medicine into a solution to administer it to animals
has any effect on the disease model you are using and on
the animals. Sham control: Here, if a serious surgical
procedure is performed on the experimental animal during
the formation of the disease model or sample collection (for
example, abdominal operation and cecal ligation, carotid
artery cannulation, etc.), it is aimed to reveal the effects of
this operation on the experimental animal. The purpose of
creating all these control groups is to reveal the pure and
real effect of the treatment you apply (3).

To eliminate the gender effect in research, animals of the
same sex are generally used in all groups. If your research
includes hormonal effects that need to be avoided, male
animals may be preferred. They also have to be the same
genus and the same species. For example, while Wistar
Albino male rats were used in one group of the same study,
mice or rabbits could not be used in another group, and
Spraque rats are not preferred in Dawley-type rats. Apart
from this, animals of the same species and breed are
distributed to groups randomly. Grouping animals with
certain characteristics in a group creates a bias in the
results of the experiment. Before starting your research,
approval must be obtained from the Local Ethics
Committee for Experimental Animals.

Information such as the purpose of your study, the
experimental outline, treatments to be used, anesthetic
drugs if used, and how euthanasia will be performed
should be explained. The experiments must be carried out
by a researcher who has a certificate for performing
laboratory experiments on animals. If the researcher has no
previous experience with the disease model to be used or
has no experience with the substance to be used, pilot
studies may need to be conducted before experiments.
These studies play an important role in completing
experiments in a shorter time and with less animal and
material loss. These studies may take months (3).

Finally, when all permissions are obtained and the disease
model is seen to be realized, the main experiments can be
carried out. Experiments must be carried out meticulously,
without any room for doubt, and every moment is
recorded. The data obtained as a result of the experiment
(such as EEG data, blood pressure data, hormone analysis
data, genetic evaluation data, and pathological
examination data) are recorded accurately and evaluated
with statistical methods, and the results are obtained.

WAYS OF DRUG ADMINISTRATION

For the selection of drug administration methods, the
disease model you will use in experimental animals and
the type of experimental animal you will use are
important. If the disease model you are planning is a
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systemic disease (diabetes, shock, etc.), the treatment you
will apply must also be systemic. For example, local
treatment methods come to the fore in models such as skin
lesions or wound healing. Systemic drug administration
routes are classified as enteral and parenteral (4). The
enteral route can be summarized as the route used
through the gastrointestinal system. Medicines used orally
fall into this group. This group is defined as the most used
and safest way to treat people today. In enteral drug use,
the drugs can be mixed into the food and water of the
animals, or the drug can be given directly into the animal's
stomach by reaching the animal's stomach with various
apparatus through the method we call gavage. The most
important difference between these methods is that
although it is natural to take the drug with food or drink, it
is not possible to determine the exact amount of the drug
administered. However, drugs given by gavage are given
in a certain dose, and since it is ensured that it reaches the
animal's stomach, there is no loss of drug dose. The gavage
method is preferred, especially for drugs that will be used
in low doses or have high costs. Gavage is the
administration of medication through a syringe by placing
a metal or plastic device orally into the animal's stomach.
There are various sizes of gavage apparatus, depending
on the breed and size of the animal. It is important to
choose the appropriate apparatus according to the
characteristics of the animal to avoid complications during
application. Although the enteral route is mostly chosen
for systemic treatments, it can also be used for local
treatments in some disease (gastric ulcers, inflammatory
bowel diseases, etc.) models (4). The parenteral route is the
name given to drug administration routes other than
enteral. Today, it is generally used for intravenous,
intramuscular, or subcutaneous drug administration. These
methods include percutaneous (on the skin) drug
application, which is a local application method, as well as
intraperitoneal (between the abdominal membranes)
application, which is a systemic treatment application
method that is more frequently used in experimental
animals than in humans. In parenteral applications, drugs
are generally used in specific and small doses via syringe.
In parenteral administration, the duration of drug action is
much shorter than in enteral administration. In intravenous
administration, the effect of the drug can be seen within
seconds. This period may take up to 1 hour for enteral
applications (4).

EXPERIMENTAL ANIMAL DISEASE MODELS
The role of experimental animals has always been great in
the development of drugs and treatments. In experimental
animal research, to find the right treatments, the correct
disease model must be created exactly in the experimental
animal. Incomplete and inadequately created animal
models cause both animal loss and research failure. For
this reason, creating a disease model in experimental
animals is the most important step of the research. This
process can be long and challenging. The meticulousness
of the researcher in creating a disease model will
facilitate the success of the research. Especially in the
last century, disease models created in experimental
animals have developed considerably. Nowadays, an
experimental animal model for almost every disease can
be found (5).
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Models of Central Nervous System Diseases

Models of common brain and spinal cord-related diseases
as well as models of psychiatric diseases will be discussed
in this section.

Epilepsy Models

Epilepsy models, which are disease models characterized
by seizures, also known as "epilepsy"” disease among the
public, will be discussed. They are involuntary events that
occur in the body because of pathologies experienced in

Table 1. Epilepsy models used in experimental animals

Animal Experiments in Pharmacological Research

the discharge of neurons. Symptoms such as convulsions
and freezing are observed (6). Epilepsy models used in
experimental animals were mentioned in Table 1.

Animal Models in Neurodegenerative Diseases

That may be seen as a result of degenerative changes in
brain functions or that may progress with a decrease in the
movement system or weakness in the muscles, such as
amyotrophic lateral sclerosis (ALS) (11). Neurodegenerative
disease models were mentioned in Table 2.

Method Application Path

Mechanism of Effect

Focal penicillin model (7)
Pentylenetetrazol, Bikukulin,
Picrotoxin, Strychnine (8)
Kainic acid (7)
Lithium-Pilocarpine (7)
Cobalt-Homocysteine (9)
Tetanus toxin (10)

Systemic application

Systemic application
Systemic application
Cobalt is placed in the brain

Systemic and application to the cortex surface in the brain

Applied to certain parts of the brain

Stimulating effect of penicillin
Glycine and Gaba receptor antagonism
Glutamate-like effect
Cholinergic-parasympathomimetic
stimulating effect

Glycine and Gaba release

Table 2. Neurodegenerative disease models used in experimental animals

IlIness Method

Alzheimer's (12)
Alzheimer's (13)
Parkinson's (14)
Amyotrophic Lateral Sclerosis, ALS (15)

Transgenic mice- Tg2576, PS1/APP, PDAPP

Immune response model created by AP antibodies
6-hydroxydopamine, 1-methyl 4-phenyl, 1,2,3,6-tetrahydropyridine
Transgenic mice- SOD1, TDP43, C21orf72

Mental IlInesses Models
These animal models are mostly used in the development
of diseases such as depression and schizophrenia, which
are considered within the scope of mental diseases.
Depression Patterns
This disease is characterized by symptoms such as
unhappiness, reluctance, an inability to enjoy life and
pessimism. Today, the diagnosis of this disease is made
through a personal interview or examination. Since verbal
communication is not possible in animals, the diagnosis is
made based on findings such as a decrease in the daily
movements of animals, a decrease in eating and drinking,
and a decrease in communication with other animals.
Models of this disease can be created with medication,
behavioral tests, and genetic animal models (5).
Depression models used in experimental animals;

e Drug Models
oReserpine model (16)
o Yohimbine toxicity model (17)
o Apomorphine model (17)
o Glucocorticoid/ Corticosterone model (18)
Behavioral Tests
oForced buoyancy test (17)
oOpen field test (19)
o Tail hanging test (16)
¢ Genetic Models

oFinder’s responsive array (18)

oHoltzman albino strain (20)

o Wistar-Kyoto type (21)

o Transgenic models (18)
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Schizophrenia Models
Schizophrenia is a chronic mental illness that distorts a person’s
perception of reality and causes delusions such as seeing
or hearing things that do not actually exist. Experimental
animals have an important place in research on this disease,
for which no definitive treatment has yet been found.
Schizophrenia models used in experimental animals;
¢ Pharmacological Models
o Amphetamine, Apomorphine-Dopaminergic agent
application (22)
o Phencyclidine, Ketamine- NMDA receptor antagonists (23)
e Genetic Models
o DISC1 Deletion (24)
0220911.2 Deletion (25)

Addiction Models
Addiction is among the most important health problems
today. Experimental animals are used successfully in
studies of drug-stimulant addiction as well as cigarette and
alcohol addiction.
Addiction models used in experimental animals;
e Patterns of Excessive Substance Use (26)
o Cocaine, Heroin
o Fentanyl-Morphine
oNicotine-Cigarette
¢ Animal Deprivation Models (5,27)
o Discontinuation of the addictive substance after
becoming addicted
o Antagonist drug administration
e DSM-Based Animal Models (28)
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Models of Cardiovascular System Diseases
Hypertension Models
As is known, hypertension is a common disease among
cardiovascular diseases. A lot of research is being done on
the treatment of this disease, which progresses with an
increase in blood pressure. Experimental animal models
have an important place in these studies.
Hypertension models used in experimental animals;
¢ Endocrine-Based Model
o Deoxycorticosterone acetate (DOCA) (29)
¢ Diet-Induced Model
oHigh salt diet (30)
o Obesity (31)
o Model of Neurogenic Origin
oHypothalamus and Rostral Ventero Lateral Medulla
stimulation (32)
¢ Genetic Model
o Spontaneously hypertensive rats - Inbred rat strain (33)

Myocardial Infarction Models
Today, the disease group that causes the most deaths in the
world is still coronary artery disease. Despite the
development of technology, the pharmaceutical industry,
and the development of many new invasive treatments, it
continues to have a high mortality rate. As a result, both
acute myocardial infarction and the development of
coronary artery stenosis are subject to extensive research.
Rats are frequently used in these studies because the
anatomy of the heart is very similar to the anatomy of the
human heart. Among these models, some models require
surgical skills.
Myocardial infarction models used
animals;

e Chemical Agent Application Model

o Isoprenaline: Synthetic sympathomimetic
catecholamine (34)
e Coronary Artery Ligation Model (35)
e Coronary Artery Embolization Model (36)
o Sponge foam, polystyrene microspheres, alcohol

in experimental

Models of Respiratory System Diseases
Chronic obstructive pulmonary disease (COPD), which is
common after smoking, and asthma, which occurs due to
allergenic factors, are diseases that threaten a significant
part of society. There is still no medicine or treatment that
completely cures these diseases. However, many
treatments have been developed to enable people with
these diseases to continue their normal life comfort.
Inhaled drug treatments, especially those developed in the
last century, have both treated attacks and reduced the
frequency of attacks.
COPD models used in experimental animals;
oCigarette Smoke Model: Mouse, rat, Guinea Pigs,
dog, monkey (5,37)
o Lipopolysaccharide Model: In aerosol form, in mice
and rats (38)
o Elastase Model: Intranasal and tracheal administration
in mice and rats (39)

Models of Gastrointestinal System Diseases

Gastrointestinal system diseases are among the most
common diseases. These diseases, most of these, have
definite treatments to be found despite still being treated
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and researched. A lot of illness has. These studies between
inflammatory intestinal diseases and stomach ulcers are
being conducted first.
Colitis and ulcer models used in experimental animals;
e Colitis Models
o Dextran Sulfate Sodium (DSS) Model (40)
o Trinitrobenzene Sulfonic Acid (TNBS) Model (41)
e Ulcer Models
o Indomethacin (42)

Chronic Disease Models
Chronic diseases are diseases that last throughout people's
lives. Since there is no definitive treatment for these
diseases, the aim is to ensure the patient's life comfort as
much as possible. The most prominent of these diseases is
diabetes. Since much research has been done on diabetes,
many animal models have emerged.
Diabetes models used in experimental animals;
e Type 1 Diabetes Models
o Models Created with Chemical Substances - Alloxan (43)
o Streptozocin - Antibiotic (43)
oNon-obese diabetic (NOD) mouse (44)
o Encephalomyelitis virus variant M (45)
e Type 2 Diabetes Models
o Db/Db Diabetic Mouse (46)
oAlloxan and Streptozocin (43)
o Partial pancreatectomy (47)
¢ Diet (48)

Cancer Models
Today, most of the study was made on illness, none no
doubt it is cancer. of this disease fatal to be, currently used
of treatments side of the effects A lot and fatal possible
new treatment find hoping made your studies to increase
from where has happened. Most cancer types are caused
by experimental animals. The models are also quite large.
Cancer models used in experimental animals;
e Xenograft Models
o Transferring cancer tissue from a human to an animal (5)
o With blood transfusion (5)
¢ Syngenic Models
o Among creatures of the same species and genetics (5)
e Transgenic Models
o Genetic models in which spontaneous neoplastic
growth is stimulated (5)
¢ Models Created with Carcinogenic Agents
o Leukemia Models
o High doses of gamma radiation or X-ray (49)
¢ Lung Cancer Models
o Xenograph (50)
¢ Thyroid Cancer Models
o Immunodeficiency syndrome mouse models with
xenograft (51)
¢ Breast Cancer Models
o N-Methyl-N- Nitrosourea injection in rats (52)
o Transgenic model- Mouse mammary tumor virus
(MMTV) (53)
e Gastrointestinal System Cancer Models
o Hepatocellular Carcinoma
Diethylnitrosamine (DEN) (54)
oGastric Cancer Model: N-Methyl-N- Nitro -N-
Nitrosoguanidine (MNNG) (55)
oColorectal Cancer Model: Azoxymethane (AOM)
/1,2-Dimethylhydrazine (DMH) (56)

Model:
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Other Models

Frequently used above and on a lot more study-made
experimental illness from the models has been mentioned.
In addition to these models, infectious diseases, eye, ear,
and nose throat, dermatology, urology, nephrology, and
orthopedics have successfully experimented with bestial
illness models.

ANIMAL EXPERIMENTS
RESEARCH
One of the most important stages of drug development is
toxicological testing. Toxicology tests are necessary to
determine the toxic effects of new drugs and, therefore, the
safety of drugs. These toxic effects are investigated first in
vitro in cell cultures and then in vivo in experimental
animals. Toxicology tests performed are classified
according to the duration of drug exposure (57):

oAcute toxicity tests

o Subacute toxicity tests

o Subchronic toxicity tests

o Chronic toxicity tests

o Special toxicity tests

IN TOXICOLOGY

As a result of these tests, important parameters of the
toxicity of a drug or substance are the LD50 value, which
is the dose that kills 50% of the animals in the experimental
group when given a single dose, and the concentration
LC50 value of the drug or substance that kills 50% of the
animals in the experimental group after exposure for a
certain time. These results are the basic values for finding
the therapeutic dose of the drug. LD50 and LC50 values of
many substances have been found for both animals and
humans (57).

SAMPLE COLLECTION METHODS

An important step in the design of animal experiments in
pharmacological research is how to obtain the results of
the substance for which you create a disease model and
apply it for treatment. For this purpose, except for
observational studies, samples must be collected from the
experimental animal. These samples must be collected in
a way that suits our purpose, does not affect the
experimental results, and does not harm the welfare of the
animal. When planning the research, it should be
determined in advance which sample, in what quantity, at
what time, and how you will collect it, and how and in
what environment these samples will be stored until
analysis. These preparations must be completed at the time
of sample collection. For example, if a blood sample is
taken, will it be serum? plasma? should be determined.
Accordingly, it should be determined which blood
collection tube should be used. If histopathological
examination is to be performed, tissue samples should be
placed in formalin solution without delay. Tissues that
should not be exposed to chemicals should be immediately
placed in a -800 C freezer or liquid nitrogen. If blood
samples are to be stored for a short time, they can be stored
in a -200 C deep freezer, but if they are to be stored for a
long time, they can be stored in a -800 C deep freezer. In
studies conducted with brain tissues, a hot water bath, and
tissue oxygenation are required. There are also special
sample collection methods. One of these is the
microdialysis method. It is based on the principle of
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placing a specially prepared microdialysis apparatus in the
brain region of the experimental animal to be examined
and removing the neurotransmitters or substances in that
region by the dialysis method. It is a very sensitive method
and provides important data in brain research (58).
Main sampling types used in experimental animals;

o Taking a blood sample

o Collecting tissue samples

o Stool and urine collection

o Microdialysis

o Viewing and recording

oBile

o Lymph fluid

o Cerebrospinal fluid

o Peritoneal ascitic fluid

SAMPLE ANALYSIS METHODS
The last and most important step of pharmacological
research is the analysis of the data or samples you collect.
At this stage, the data and samples obtained from the
experimental animals should be analyzed. How this
analysis will be carried out should be determined
meticulously during the planning phase of your research.
Because choosing the wrong analysis method can lead to
your research being wasted. The analysis method may vary
depending on the type of sample you collect. If you are
going to measure biochemical parameters (AST, ALT,
CRP, ALP, glucose, urea, etc.), you can get results with a
blood sample on devices that investigate these parameters.
If you are going to measure a substance that may be present
in small amounts in the body, you can use analytical
devices called HPLC, LC-MS/MS, or GC-MS to measure
very small amounts (nmol, pmol). You can choose
sensitive devices that can even analyze substances (e.g.,
etc.). If you want to examine the effects at the cellular
level, you can take relevant tissue samples from the
experimental animal and have a histopathological
examination done. While some of these analysis methods
are practical tests that can be performed by the researcher,
some of them are methods that require expensive devices
or experts in the field. For this reason, when planning at
the very beginning of the research, it is necessary to take
into account the budget of the research, the researcher's
experience in the analysis, and the possibilities of
accessing the analysis.
Some of the main analysis methods used in experimental
animals;

o Histopathological Analyzes

oAnalyzes with Analytical Devices- HPLC, LC-

MS/MS, GC-MS
o Immunoassay Methods
o Imaging analytics

DISCUSSION

The use of experimental animals is of vital importance in
pharmacological research. A drug planned to be used in
humans must be tested in living systems like humans
before it is offered to humans. Because drugs, which are
chemical substances, can exhibit a very different behavior
in a living system in vivo than in an in vitro environment,
There are many reasons for this. Living systems are like
machines with many gears intertwined. As a result of the
malfunction of one of these wheels, the life of a living
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creature may end or it may be seriously harmed. For this
reason, whether a substance that does not belong to the
body will harm these gears can only be tested in systems
with similar gears. Today, despite all this technological
progress, nothing like the human living system has been
created. For this reason, the closest system we currently
have is the system of experimental animals.

Considering all these stages, the design of experimental
animals in pharmacological research must be prepared
carefully and meticulously. Ultimately, the aim is to obtain
real and accurate results.
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ABSTRACT

The theoretical equivalence of expressing that a cell is aging to its inability to perform the
assumed function is not exactly accurate, it involves a gradual decrease in cell aging
mechanisms. Factors such as genetics, lifestyle, and environmental effects maintain the
biological change of the cell. The concept of cellular senescence was initially introduced by
Hayflick and his collaborators in 1961 when they noticed that human diploid fibroblasts
cultured in vitro could undergo only a limited number of cell divisions before their ability to
proliferate was permanently halted. This phenomenon, known as the 'Hayflick limit', was
subsequently linked to the gradual shortening of telomeres with each successive round of cell
division. Throughout the aging process, senescent cells collect in different tissues. Their
involvement in age-related health issues such as neurodegenerative disorders, heart problems,
cancer, kidney-related changes, chronic lung diseases, and osteoarthritis suggests that targeting
senescent cells therapeutically could be promising across various health conditions. This
review will discuss the available data on which cell types may undergo aging based on
biological aging and how these processes may impact age-associated tissue-specific
pathologies. Additionally, the markers used to characterize the physiological transition of
aging cells from in vitro to in vivo settings will be evaluated. The discussed data may serve as
a significant starting point for an expanded definition of the molecular and functional
characteristics of aging cells in different organs, thus supporting the development and
enhancement of targeting strategies in vivo.

Keywords: Cell senescence; geriatric in vivo models; cellular aging theories; biological aging
mechanism.

0z

Bir hiicrenin, varsayilan islevini yerine getiremeyecek kadar yaslanmasinin karsilig1 hiicrenin
biyolojik siireclerinde her zaman tam bir yetersizlige yol agmayabilir, hiicre yaslanma
mekanizmalarinda kademeli bir azalmay icerir. Hiicrenin biyolojik degisimini genetik, yasam
tarz1 ve gevresel etkiler gibi faktorler stirdiiriir. Hiicresel yaglanma kavram ilk olarak 1961
yilinda Hayflick ve calisma arkadagslari tarafindan, in vitro kiiltiire alinan insan diploid
fibroblastlarinin ¢ogalma yetenekleri kalici olarak durdurulmadan 6nce yalnizca sinirli sayida
hiicre boliinmesine maruz kalabilecegini fark ettiklerinde ortaya atildi. 'Hayflick sinirt' olarak
bilinen bu fenomen, daha sonra, birbirini izleyen her hiicre béliinmesi turunda telomerlerin
kademeli olarak kisalmast ile iliskilendirildi. Yaslanma siireci boyunca yaslanan hiicreler farkls
dokularda toplanmaktadir. Norodejeneratif ve kardiyovaskiiler bozukluklar, kanser, bobrekle
ilgili degisiklikler, kronik akciger hastaliklar1 ve osteoartrit gibi yasa bagli saglik sorunlarina
katilimlari, yaslanan hiicreleri terapdtik olarak hedeflemenin ¢esitli saglik kosullarinda umut
verici olabilecegini diisiindiirmektedir. Bu derlemede biyolojik yaslanmaya bagli olarak hangi
hiicre tiplerinin yaslanabilecegine ve bu siireglerin yasla iliskili dokuya 6zgii patolojileri nasil
etkileyebilecegine dair mevcut veriler tartisilacaktir. Ek olarak, yaslanan hiicrelerin in vitro
ortamdan in vivo ortama fizyolojik gegisini karakterize etmek i¢in kullanilan belirtegler de
degerlendirilecektir. Tartisilan veriler, farkli organlarda yaslanan hiicrelerin molekiiler ve
fonksiyonel Ozelliklerinin genisletilmis bir tanimi i¢in 6nemli bir baslangi¢ noktasi olarak
hizmet edebilir, boylece in vivo hedefleme stratejilerinin gelistirilmesini ve artirilmasini
destekleyebilir.

Anahtar kelimeler: Hiicre yaslanmast; geriatrik in vivo modeller; hiicresel yaslanma teorileri;
biyolojik yaslanma mekanizmasi.
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INTRODUCTION
The rapid aging or entry into an aging trend of advanced
and developing societies, interest in aging, and old age
studies have started to increase in recent years. This has
led to a growing interest in the disciplines of gerontology
and geriatrics, which encompass studies in the field.
According to a report by the United Nations (UN) in 2022,
approximately 10% of the world's population consists of
older adults aged 65 and above. This percentage is
expected to reach 16% by the year 2050 (1). Looking at
Turkey, it is observed that the proportion of the elderly
population has surpassed the world average, reaching
10.2% of the total population (2). This situation can lead
to a concentrated focus on popular areas such as social,
psychological, health, and care in aging and old age
studies, potentially  neglecting biogerontology.
Biogerontology is a discipline that investigates why and
how living organisms age (3). In the light of current
knowledge, aging refers to the period from an individual's
existence as an organism to death, while old age represents
a unique stage of life like childhood and youth, and an
older adult refers to a person above a certain age. The
chronological age that distinguishes these categories is 60
according to the UN and 65 according to the World Health
Organization (WHO). Therefore, it is understood that
social conditions and environmental factors change the
biological aging process, as the aging process is
categorized differently. It is possible to build a society of
ageless elderly individuals by optimizing external factors
while the biological aging process is in progress (4). Based
on all this information, biogerontology seeks answers to
the following questions:
e Many aging models have been proposed to explain
the aging process, in other words, why do we age?
e What are the biological processes associated with
aging?
e Is aging genetically programmed or is it a
multivariate random process?
o Are there biomarkers associated with aging?
e Is it possible to slow down or prevent aging? What
chronic diseases occur with aging?
Cellular senescence is the result of a series of molecular
and cellular changes that cells undergo throughout life (5).
These changes can disrupt the function of cells and contribute
to a number of diseases associated with aging (Figure 1).
Throughout its historical development, many biological
theories of aging have been proposed seeking answers to
the causes of aging. These theories are discussed under two
main headings: evolutionary theories of aging and
physiological (mechanistic) theories of aging. While
evolutionary theories of aging focus on the ultimate cause,
mechanistic theories of aging focus on the convergent or
apparent cause. According to stochastic theory, aging
occurs as a result of the accumulation of randomly
occurring errors in biomolecules. It is suggested that the
accumulation of mutations in the genetic material of the
cell due to external and internal factors over time and the
advanced glycation products formed as a result of the
glycation of biomolecules cause aging. According to the
hereditary model, it is accepted that aging is a programmed
process. The main cause of replicative senescence, defined
as replicative cells losing their ability to divide after a
certain number of divisions, is telomere shortening (6-9).
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Numerous processes associated with aging have been
identified. These include genomic instability, epigenetic
variations, and changes at the transcriptional level, as well
as molecular damage, cellular aging and death,
inflammation, and metabolic disorders (10,11). Although
almost every aging model focuses on a single mechanism
related to aging, it does not seem possible to explain it with
a single mechanism since aging is a very complex event.
This review aims to discuss the available data on which
cell types may undergo aging based on biological aging
and how these processes may impact age-associated
tissue-specific pathologies.

CELLULAR PROCESSES ASSOCIATED WITH
AGING

Telomere Shortening

Telomeres are repetitive DNA sequences located at the
ends of chromosomes. With each cell division, telomeres
shorten. The shortening of telomeres causes cells to lose
their ability to divide and their genetic integrity,
contributing to the cellular aging process (12).

Genetic Damage

Normally, the DNA molecule is stable and DNA
replication is a very conservative process that tries to
operate without errors. DNA damage has a significant
impact on the aging of cells. Several threats such as
ionizing radiation, oxidative stress, chemicals, and other
environmental factors can cause DNA damage. With
aging, oxidation in mitochondrial DNA (mtDNA) is much
more prominent than in nuclear DNA. A range of genetic
deteriorations can occur, from point mutation, which is the
simplest form of mutation, to chromosome losses and
gains. Complex DNA repair mechanisms have evolved to
reduce these damages and keep the genome stable.
However, these mutations, which are still rare, accumulate
over time (age) and the genome becomes unstable. The
accumulation of this damage is associated with the aging
of cells and the development of aging-related diseases.
Oxidative Stress

Among the types of stress known to stimulate or accelerate
cellular aging, oxidative stress is the accumulation of free
radicals and other reactive oxygen species in cells.
Oxidative stress can lead to a number of cellular damage
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in cells, such as lipid peroxidation, protein damage, and
DNA damage. This environment can lead to stress-induced
cellular senescence (SIPS), which pushes cells to early
aging with the effect of other molecular factors (13,14).
DNA Repair Mechanism Balance

They are segmental early aging (progeria) syndromes that
occur as a result of defects in the DNA repair mechanism.
It is characterized by defects in DNA helicase and DNA
repair mechanisms as a result of mutation in the WRN
gene. Lamin A production as a result of LMNA gene
mutation. It has been determined that the rarity of the
apolipoprotein E €4 allele triggers cellular aging. It is
characterized by disorder. Progeria syndromes shed light
on some aspects of normal aging, but they do not include
all the features of normal aging (15,16).

Cell Cycle Deregulation

The cell cycle is the process of division and proliferation
of cells. Disturbances in the regulation of the cell cycle can
prevent or accelerate the controlled growth and division of
cells. This can contribute to the cellular aging process and
the development of diseases such as cancer (17).
Disruption of Protein Homeostasis (Proteostasis)

Cells maintain protein homeostasis by ensuring the correct
folding, processing, and degradation of proteins. With
aging, the effectiveness of these mechanisms may decrease
and problems such as protein misfolding and accumulation
may occur (18,19).

Mitochondrial Dysfunction

Mitochondria are known as energy-producing structures in
cells. Mitochondrial dysfunction can cause problems such
as oxidative phosphorylation disorder, reactive oxygen
species production, and decreased cellular energy
production. This can contribute to the aging of cells (20).
Inflammation

Inflammation is increasingly linked to aging and chronic
diseases. However, the observed increase in the basal
inflammatory response with age causes a sustained low
level of inflammation that promotes aging. The decline of
the thymus gland, where T cells mature, is a much faster
process than aging. Although proliferation decreases in the
elderly, the number of T cells generally does not change.
Apoptosis occurs with decreasing bcl-2 expression in
maturing T cells. B cells also produce fewer antibodies.
Senescent cells secrete many cytokines that initiate
inflammation. In fact, in advanced ages, there are a small
number of senescent cells in organs and tissues, but the
inflammation-initiating factors secreted by them affect
the functioning of autocrine, paracrine, and endocrine
systems, also known as cellular signal transmission
mechanisms (21,22).

Apoptosis

Elimination of damaged cells is also known as programmed
cell death or apoptosis. The increase in nondividing cells
with age has led to the acceptance that it contributes to
aging. However, this mechanism can also be seen as an
adaptive feature, as it prevents the proliferation of
damaged cells and ensures their elimination by the immune
system. In this way, it prevents the tissue from being
damaged and turning into potentially cancerous cells.
However, age-related decline in cell renewal and immune
system capacity leads to an increase in the number of
senescent cells. This increase contributes to loss of function
in tissues and organs and eventually to aging (23,24).
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These mechanisms indicate that cellular aging is a
complex process and plays an important role in the
development of aging-related diseases. Researchers are
trying to understand these mechanisms and identify
potential therapeutic targets to delay or prevent cellular
aging.

Cell senescence and aging mechanisms are the result of a
series of complex interactions that biological systems
undergo throughout life. Many experimental animal models
have been used to understand these mechanisms (25).

IN VIVO (EXPERIMENTAL MODEL) PROCESSES
ASSOCIATED WITH AGING

Yeast (Saccharomyces cerevisiae)

Yeast is a simple eukaryotic organism and is a
fundamental model organism in studies of cell aging. It is
especially used to study mechanisms associated with
aging, such as telomere length and DNA damage repair.
In S. cerevisiae yeast, it has been shown that an increase
in the copy of the Ras2 gene, mutations in the Rasl
gene, a decrease in the TOR signal, an increase in the
AMPK signal, and the sirtuin gene called sir2 prolong
lifespan (26,27).

Nematode (Caenorhabditis elegans)

Nematodes are a model organism frequently used in
genetic and neurological research. In particular, it is a
popular option for studying the genetic mechanisms of the
aging process and the neurological effects of aging.
Decrease in TOR signaling in C. elegans worm, It has been
determined that an increase in AMPK signaling and the
sirtuin gene called SIR-2.1 prolong lifespan (28).

Fruit Fly (Drosophila melanogaster)

Fruit flies are another model organism commonly used in
aging research. Telomeres are often used to study aging
mechanisms such as oxidative stress and metabolic effects.
It has been determined that a decrease in the TOR signal
in the D. melanogaster fruit fly, mutations in the Indy
gene, which is important in the Krebs cycle, and the
Methuselah gene, which encodes a G protein-related
receptor, and the sirtuin gene called sir2, are associated
with longevity. There is abundant evidence regarding the
importance of diet and environmental temperature in the
context of aging. In 1929, it was demonstrated that the
lifespan of Drosophila species is inversely proportional to
ambient temperature (29).

It has been shown in many studies conducted in yeast,
worms, fruit flies, and rodents that calorie restriction at a
level that does not cause malnutrition extends lifespan. As
a result of calorie restriction, many changes have been
observed in metabolism, cellular level, genetic structure,
and neuroendocrine system. When metabolism slows
down, ROU production, which is thought to play an
important role in aging, also decreases (30).

Mammalian Cell Cultures

Mammalian models such as mice and mouse cell cultures
are widely used in research on human aging. These
models have biochemical and genetic properties similar
to human cells and are used specifically to study
mechanisms such as cellular aging, DNA damage repair,
and apoptosis (31-33).

Aging Mouse Models

Some mouse strains show physiological and pathological
characteristics similar to human aging when exposed to the
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natural aging process (Figure 2). These mice are valuable
models used to study aging mechanisms and aging-related
diseases (34). These experimental animal models provide
fundamental information on cell senescence and aging
mechanisms and may help identify potential therapeutic
targets for understanding and treating aging-related
diseases. However, these models as well as research in
humans are vital for a full understanding of human aging.
Aging mouse models are laboratory mice used to
understand human aging and aging-related diseases. These
mice show physiological and pathological characteristics
similar to human aging when exposed to the natural aging
process. More commonly used aging mouse models to
understand  aging-associated phenotypes and the
mechanisms underlying the aging process will be
described (35).

Senescence Accelerated Mouse (SAM)

SAM mice are a mouse model bred at Shizuoka University
in Japan and are frequently used in aging research. SAM
mice have a genetic predisposition to accelerate the normal
aging process and display a number of aging-associated
phenotypes. SAM mice constitute an important model for
studying molecular and cellular mechanisms in the aging
process. SAM mice are divided into two subtypes,
senescence-accelerated prone mouse (SAMP) and
senescence-accelerated  resistant mouse (SAMR),
depending on their genetic diversity. SAMP mice are more
prone to signs of aging and diseases associated with aging,
while SAMR mice are more resistant. Levels of CD4 and
CDS8 memory T cells and naive T cells have been used to
give good estimates of life expectancy of middle-aged
mice. Differences between these two subtypes are
examined to understand the genetic factors underlying the
aging process and the mechanisms of aging-related
pathologies (36,37).

Akkerman Health Aging Mice (Akkermansia muciniphila)
A bacterium called Akkermansia muciniphila plays an
important role in the gut microbiota and has been
associated with the aging process. Aging mouse models
have been used to study the effects of this bacterium on
mice. The effects of Akkermansia muciniphila on the
aging process are studied to investigate issues such as
changes in gut health and metabolic disorders associated
with aging (38).

Transgenic Mouse

In a transgenic mouse model, without implementing
calorie restriction, researchers achieved a prolonged
median lifespan of 20% by consistently lowering body
temperature by an average of 0.5-0.6°C through
modulation of the hypothalamic 'central thermostat' over
an extended period (39).
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CONCLUSION

Aging is a natural process and a natural part of life.
However, it is a major risk factor for many diseases and
can limit life expectancy. Interventions in model
organisms have prevented or postponed the emergence of
many chronic diseases as well as prolonging life. These
interventions offer a promising approach to reducing
aging-related health problems. Although our knowledge of
aging and senescent cell types depicted in in vivo models
and their roles in aging has increased significantly, the
experimental models used to determine the molecular
relationships of senescent cells in human tissues must be
diversified and a comprehensive analysis of their roles in
the aging phase is needed.
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ABSTRACT

Experimental animals have long been used for research and educational purposes. However,
in recent years, ethical debates regarding the rights of animals to life have also become
important. It is advocated that animal experiments can be carried out for scientific goals that
can contribute to human and animal welfare in the long term and in cases where there are no
alternative methods. The principles of “replacement”, “reduction”, and “refinement”, known
as the 3R rule, have been updated as 4R with the addition of the “responsibility” principle.
These principles provide basic guidance for the ethical use of animals in scientific experiments.
Techniques that can be alternatives to animal experiments in research and biological effect
studies to test synthesized drug candidate compounds and various chemicals have been
developed. In vitro cell culture techniques and bioimaging methods are very important
alternatives to in vivo animal experiments. The micro-dose technique is another alternative
method that reveals the effects of drug candidate compounds on volunteer individuals at very
low doses without using animals. Software databases and in silico computer simulations are
also gaining importance in research institutions as an alternative to animal experiments. In this
review, the fundamentals of animal research ethics and emerging alternatives to reduce animal
use in medical experiments were discussed.

Keywords: Experimental animals; ethics; alternative methods.
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Deney hayvanlari uzun siiredir aragtirma ve egitim amagch olarak kullanilmaktadir. Ancak son
yillarda hayvanlarin yasam haklarina iligkin etik tartigmalar da 6nem kazanmaya baglamustir.
Uzun vadede insan ve hayvan refahina katki saglayabilecek bilimsel amaglar dogrultusunda ve
alternatif yontemlerin bulunmadigi durumlarda hayvan deneylerinin yapilabilecegi
savunulmaktadir. 3R kurali olarak bilinen replacement (degistirme), reduction (azaltma) ve
refinement (iyilestirme) ilkeleri, responsibility (sorumluluk) ilkesinin de eklenmesiyle 4R
olarak giincellenmistir. Bu ilkeler, hayvanlar bilimsel deneylerde etik kullanimina iliskin
temel rehberlik saglar. Sentezlenen ila¢ adayr bilesiklerin ve gesitli kimyasallarin test
edilmesine yonelik aragtirma ve biyolojik etki ¢alismalarinda hayvan deneylerine alternatif
olabilecek teknikler gelistirilmistir. In vitro hiicre kiiltiirii teknikleri ve biyogériintiileme
yontemleri, in vivo hayvan deneylerine ¢ok 6nemli alternatiflerdir. Mikro-doz teknigi ise ilag
aday1 bilesiklerin goniillii bireyler iizerindeki etkilerini hayvan kullanilmadan c¢ok diisiik
dozlarda ortaya koyan bir diger alternatif yontemdir. Yazilim veritabanlart ve in silico
bilgisayar simiilasyonlari da aragtirma kurumlarinda hayvan deneylerine alternatif olarak 6nem
kazanmaktadir. Bu derlemede, hayvan arastirma etiginin temelleri ve tibbi deneylerde hayvan
kullanimin1 azaltmak i¢in gelistirilen alternatif yontemler tartigilmagtir.

Anahtar kelimeler: Deney hayvanlari; etik; alternatif yontemler.
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INTRODUCTION

Laboratory animals are used in basic biological and
medical research, in the development of diagnosis and
treatment methods of diseases, in the reliability testing of
drugs and chemicals, and for educational purposes in the
fields of biology and medicine. However, in these areas
where animals are used without their consent, animals are
often exposed to interventions that may cause pain,
distress, or permanent damage, and this causes serious
ethical problems and debates. According to scientific
society, it is advocated that in the presence of scientific
goals that have a high probability of being achieved and
that can contribute to human and animal welfare in the
long term, experimental studies on animals can be carried
out in cases where there is no alternative method (1,2).
Reports of scientific experiments on animals have existed
for years, but their primary use has become more frequent
in recent years. Animal welfare was an issue that was not
taken into consideration for many years while these
experiments were ongoing (3). In recent years, interest in
ethical principles has increased in the scientific
community. Within the scope of the legislation regarding
animal experiments enacted within the framework of
animal protection laws in developed countries, national
and international scientific journals do not publish studies
that are not approved by local ethics committees (4).

In vitro cell culture techniques and bioimaging methods
are very important alternatives to in vivo animal
experiments. In this review, the fundamentals of animal
research ethics and emerging alternatives to reduce animal
use in medical experiments were discussed.

THE 4R PRINCIPLES

The basic principles of scientific ethics originated from
the Universities Federation for Animal Welfare (UFAW)
project and were first put forward by Russell and Burch in
1959; it is briefly defined as 3R, due to the initials of the
terms, “reduction”, “replacement”, and ‘refinement”.
These defined basic principles explain the qualities that
can guide researchers in animal experiments (5). The
reduction principle, in its original definition in Russel and
Burch’s study, is expressed as “reducing the number of
animals used to obtain a certain amount and precision of
information” (6). In terms of animal ethics, reduction
means obtaining reliable data by using the least number of
animals possible in experiments. The term refinement
refers to the comfort of experimental animals in their living
environments during the period between birth and death
and to ensure that they are exposed to minimal pain and
suffering in the procedures applied during experiments. In
its original definition, this principle is defined as “reducing
the incidence of violence in inhumane procedures applied
to animals that have to be used” (6). For each animal
species, the optimal living conditions must be defined
throughout the experimental period. Replacement refers to
the use of alternative materials instead of experimental
animals, if possible, in scientific research. This principle is
defined as “the use of insensitive materials that can replace
methods using conscious living vertebrates” (6). In 1985,
The International Foundation for Ethical Research (IFER)
created the principle of responsibility and developed the
principles in the form of 4Rs. This principle envisages the
use of animal models for scientific courses and studies,
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increasing the society's level of awareness and awareness
about the use of animals in scientific research, education,
and testing of products, and increasing personal
responsibility by developing new methods and realizing
new technologies (7). In accordance with this principle,
individuals and institutions that will conduct research with
experimental animals must comply with legal regulations
and ethical rules.

ALTERNATIVE METHODS

Some techniques have been developed that can be
alternatives to animal experiments in research and
biological effect studies where it is necessary to test
synthesized drug candidate compounds and various
chemicals. These alternative methods include cell and
tissue cultures, the use of microorganisms, the use of plant
materials, and non-invasive models such as human clinical
studies. In addition, physicochemical techniques, various
software and computer simulations, mathematical models,
and nanotechnological methods can also be used. These
techniques are cost-effective compared to animal use and
can effectively replace animal models. The fact that these
alternatives can address ethical concerns is an important
advantage (2).

In-vitro testing with Animal Cell Cultures

In vitro tests allow the effects of drug candidate
compounds and chemicals on the organism to be examined
in laboratory conditions as an alternative to animals by
monitoring their effects in the in vivo environment. In this
method, cells are isolated from the target organ and grown
in special flasks to create a growth environment for a
specific tissue type (8). It is advantageous that this
technique is repeatable and more economical. It is also
easy to maintain and follow. These tests also allow
preliminary screening as to whether further experiments
will be required. Thus, the efficacy and toxicity of a drug
candidate compound can be determined by these in vitro
tests (9,10). Experiments based on cell culture may reduce
the use of animals, but serum obtained from the animal is
required for the continuity of the cultures of these cells.
Cell culture models are performed in a growth medium
containing fetal calf serum. Fetuses removed from
pregnant cows are used to obtain serum from fetal blood.
Fetal calf serum is used in cell culture media as it is a rich
natural medium and significantly increases cell growth.
Alternatively, there are advanced studies on the ability to
culture many cell lines in a chemically synthesized
medium without the use of animal products. Additionally,
chemically synthesized media may be more effective than
animal serum media because animal serum varies
depending on the gender and genetic makeup of the
animals. However, at least the cell culture method is an
important alternative in terms of reducing animal use, and
this point makes this technique important (11,12).

3D Cell-Culture Models and Organs-On-Chips

As a result of the advancement of known classical cell
culture techniques, tissue models can be created with 3D
cell culture technology. 3D models of multiple organ
systems and skin and muscle are produced in microfluidic
channels (13). In 3D cell culture models, cells are grown
as 3D spheroids or aggregates on a matrix scaffold or
without a scaffold. 3D cell culture modeling conditions can
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be modified through the addition of proteins and other
factors present in a tumor microenvironment or specific
tissues. The cellular environment can be accurately
mimicked in vivo through extracellular matrix components
such as proteins and glycosaminoglycans, which are found
in the structure of these matrices and play a role in
communication and cell-to-cell contact through
intercellular signaling pathways. It is thought that this
method will accurately reflect drug screening experiments
and reduce the use of laboratory animals for research
purposes (14).

In Silico Methods

Computer-based tests use various advanced software and
mathematical equations to create imitations of the real
functioning of organ functions and metabolic processes in
the human body. In this way, drugs can be designed and
verified by simulation on special computer models and
software programs. More importantly, these simulation
models are used to predict the toxicity level of an
experimental drug candidate chemical without harming
any animals (15). In simulation studies, any biological
effect is shown in an equational form, providing more
accurate and predictable results compared to data obtained
from experimental animals. The most successful example
in this regard is the design of protease inhibitors for HIV
patients. In these studies, for a more precise verification,
protease inhibitors were designed on computers, and the
necessary tests were carried out in a simulation
environment. In this way, successful results were obtained
without using animal models in drug efficacy trials (16).
Various computer models have been created to examine
atherosclerotic plaque formation, which is an important
risk in the cardiovascular system (17).

To be mentioned again, the most important point in
bioinformatics simulations is that they significantly reduce
the use of animals in biological effect assessment studies.
In addition, computer models developed specifically for
the field of anatomy may make it possible to reduce or
completely eliminate the need for animal dissection for
educational purposes (18).

Micro-Dosing

Micro-dosing testing is an effective method developed to
test the effectiveness level and usability of candidate drugs
in drug development studies. In this method, metabolism
data of the human body is obtained in the analysis of the
drug that is in the testing phase. Studies have shown that
the high failure rate observed in phase I clinical trials, the
long duration of the trials, and their high cost have
increased the importance of this technique. Micro-dosing
can screen targeted drugs more quickly, and economically.
Additionally, the accuracy of predicting metabolic effects
is also quite high. In this method, the effectiveness at the
metabolic level is investigated by applying the compound
to be tested at a dose that is high enough to affect the
cellular level but relatively low. However, full dosing in
animals is still needed to obtain definitive data for drug use
in humans (19).

Imaging Methods

With technological developments in the field of radiology,
it has become more possible to reveal the functions of body
parts, the structures of internal organs, and possible disease
diagnoses compared to previous years. It is also possible
to examine the biological effects of drugs and the changes
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that occur with new radiological equipment (20). Since it
is possible to image animals multiple times in these
methods, animal welfare is protected by reducing the
number of animals used in research. Non-invasive imaging
technologies such as X-rays or ultrasound allow
observation of the skeletal system and organ functions of
living animals. Thus, disease mechanisms or treatment
methods can be studied in real time without harming the
animal. Imaging is smaller than devices used for humans
and is widely used for research purposes with equipment
adapted to animals. During the imaging procedure,
anesthetic drugs are used, unlike humans, to ensure that
the animal is immobilized so that they do not panic and
suffer. (21). Among these methods, computed tomography
is functional in investigating bone structure, magnetic
resonance imaging is functional in examining internal
organs and soft tissues, and ultrasound is functional in
monitoring organ movements and heartbeat (21,22).

CONCLUSION

The use of animals in education and research still causes
many disagreements due to ethical concerns. However, it
is clear that the development of vitally important drugs and
vaccines in medicine will continue to develop thanks to
these experiments. Despite this, the benefit level of the
studies to be carried out should still be taken into account
because animals have the right to life and this should
always be taken into consideration.
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GEREC VE YONTEMLER, BULGULAR, TARTISMA, SONUC, KAYNAKLAR

OZ ve ABSTRACT c¢eviri agisindan uyumlu olmali ve her biri kendi icinde 200-250 kelime arasinda olmalidir.
ABSTRACT, "Aim, Material and Methods, Results, Conclusion" seklinde yapilandirilmalidir.

0OZ, "Amag, Gereg ve Yontemler, Bulgular, Sonug" seklinde yapilandiriimalidr.

Derleme (Sadece Davetli)

BASLIK (ingilizce ve Tiirkge), KISA BASLIK, OZ (Ingilizce ve Tiirkce), Anahtar kelimeler (Ingilizce ve Tiirkce), GIRIS, Konu
ile Tlgili Alt Basliklar, SONUC, KAYNAKLAR

0OZ ve ABSTRACT c¢eviri agisindan uyumlu olmali ve her biri kendi iginde 150-200 kelime arasinda olmalidir.

Olgu Sunumu

BASLIK (ingilizce ve Tiirkce), KISA BASLIK, OZ (ingilizce ve Tiirk¢e), Anahtar kelimeler (ingilizce ve Tiirkge), GIRIS,
OLGU SUNUMU, TARTISMA, KAYNAKLAR

0OZ ve ABSTRACT c¢eviri agisindan uyumlu olmali ve her biri kendi icinde 100-150 kelime arasinda olmalidir.

Diger
Bu li¢ temel makale tiirii disindaki (editore mektup, editdryel yorum/tartisma vb.) yazilarin hazirlanmasinda da genel yazim
kurallar1 gecerlidir. Bu tiir yazilarda baglik ve 6z boliimleri yoktur. Kaynak sayist 5 ile sinirlidir. Ithaf olunan makale say1 ve tarih

verilerek belirtilmelidir. Yazinin sonunda yazarin ismi, kurumu ve adresi yer almalidir. Mektuba cevap, editor veya makalenin
yazarlari tarafindan, yine dergide yayinlanarak verilir.



YAZARLARA BiLGILENDIiRME

YAZIM KURALLARI

e Makaleler Microsoft Word® belgesi olarak hazirlanmalidir.

e Sayfa kenarlarinda 2,5 cm bosluk birakilmalidir.

e Sayfa numaralar1 sayfanin sag alt kdsesine yerlestirilmelidir.

e Tiim metinler 12 punto Times New Roman karakteri kullanilarak cift satir aralig1 ile sola hizalanmig olarak yazilmalidir.

ANAHTAR KELIMELER

e Anahtar kelime sayisi en az 2 olmali, kelimeler birbirlerinden noktal virgiil (;) ile ayrilmalidir.

e Tiirkge anahtar kelimeler Tiirkiye Bilim Terimleri (TBT)’ne (http://www.bilimterimleri.com), Ingilizce anahtar kelimeler
Medical Subject Headings (MESH)’e (http://www.nlm.nih.gov/mesh/MBrowser.html) uygun olarak verilmelidir.

ISTATISTIKSEL YONTEMLER

e Tiim aragtirma makaleleri biyoistatistik agidan degerlendirilmeli ve uygun plan, analiz ve raporlama ile belirtilmelidir. Bu
makalelerde, GEREC VE YONTEMLER béliimiiniin son alt baslig1 “Istatistiksel Analiz” olmalidur.

e Bu boliimde ¢aligmada kullanilan istatistiksel yontemler ne amagla kullanildig: belirtilerek yazilmaly, istatistiksel analiz i¢in
kullanilan paket programlar ve siiriimleri belirtilmelidir.

e pdegerleri ondalik ii¢ basamakli (p=0,038; p=0,810 vb.) olarak verilmelidir.

e Makalelerin biyoistatistik agidan uygunlugunun kontrolii igin ek bilgi www.icmje.org adresinden temin edilebilir.

KISALTMALAR

e Terim ilk kullanildiginda parantez i¢inde kisaltmayla birlikte agik olarak yazilmali ve tim metin boyunca ayni kisaltma
kullanilmalidir.

e Uluslararasi kullanilan kisaltmalar Bilimsel Yazim Kurallarina uygun sekilde kullanilmalidir.

TABLOLAR VE SEKILLER

e Metinde ilgili climlenin sonunda (Tablo 1) ve/veya (Sekil 1) seklinde belirtilmelidir.

e Tablolar (basliklartyla birlikte) ve sekiller (agiklamalariyla birlikte) kaynaklardan sonra ve her biri ayr bir sayfada olacak sekilde
metnin sonuna eklenmelidir.

e Tablo bagliklari tablo iistiinde (Tablo 1. Tablo baslig1), sekil agiklamalari ise seklin altinda (Sekil 1. Sekil agiklamast), ilk harfleri
biiyiik olacak sekilde yazilmalidir.

e Tablolarda ve sekillerde kisaltma veya sembol kullanilmig ise altinda dipnot olarak agiklanmalidir.

o Seckiller ve fotograflar, .png, .jpg vb. formatta ve en az 300 dpi ¢oziiniirliikkte ayr1 dosyalar halinde yiiklenmelidir.

o Sekil ve fotograf alt yazilari, son tablonun oldugu sayfadan sonra, ayr1 bir sayfada sirasiyla verilmelidir.

e Daha Once basilmus sekil, resim, tablo, grafik vb. kullanilmus ise yazili izin alinmali ve agiklama olarak belirtilmelidir. Bu
konudaki hukuki sorumluluk yazarlara aittir.

TESEKKUR
e Eger ¢ikar ¢atismasi/cakigmasi, finansal destek, bagis ve diger biitiin editoryel (Ingilizce/Tiirkce degerlendirme) ve/veya teknik
yardim varsa, bu béliimde, KAYNAKLAR boliimiinden 6nce belirtilmelidir.

KAYNAKLAR

e Kaynaklar, kullanim sirasina gore numaralandirilmali ve metin iginde ilgili climlenin sonunda parantez i¢inde numaralarla (1)
veya (1,2) veya (3-5) seklinde verilmelidir.

e Kaynaklar dizini, metin i¢cinde kaynaklarin kullanildig1 siraya gore olusturulmalidir.

e Yazar sayis1 6 veya daha az ise tiim yazarlar belirtilmeli, 7 veya daha fazla ise ilk 6 yazar belirtildikten sonra “et al.”
eklenmelidir.

e Kongre bildirileri, kisisel deneyimler, basilmamis yayinlar, tezler ve internet adresleri kaynak olarak gdsterilmemelidir.

¢ DOI tek kabul edilebilir online referanstr.

Makale:

Al-Habian A, Harikumar PE, Stocker CJ, Langlands K, Selway JL. Histochemical and immunohistochemical evaluation of
mouse skin histology: comparison of fixation with neutral buffered formalin and alcoholic formalin. J Histotechnol.
2014;37(4):115-24.

Aho M, Irshad B, Ackerman SJ, Lewis M, Leddy R, Pope T, et al. Correlation of sonographic features of invasive ductal
mammary carcinoma with age, tumor grade, and hormone-receptor status. J Clin Ultrasound. 2013;41(1):10-7.

Kitap:
Buckingham L. Molecular diagnostics: fundamentals, methods and clinical applications. 2nd ed. Philadelphia: F.A. Davis; 2012.

Kitap Boliimii:
Altobelli N. Airway management. In: Kacmarek R, Stoller JK, Heuer AJ, editors. Egan’s fundamentals of respiratory care. 10th
ed. St. Louis: Saunders Mosby; 2013. p.732-86.
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