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Abstract

The safeguarding of animal welfare holds a deep-rooted history within public in-
stitutions and legislative structures, with the objective of enhancing the comfort
and overall wellbeing of animals throughout the entire experimental process. It is
paramount to harmonize the enhancement of animal welfare with medical research
practices, as this is pivotal in mitigating factors that impede modeling precision and
prioritizing their welfare. This commitment has nurtured innovation in advanced
experimental methodologies and welfare evaluation techniques. The classic 3Rs
principle-replacement, reduction, and refinement-serves as a fundamental corner-
stone for advancing the welfare of model animals. The establishment of appropriate
metrics for animal welfare, rooted in the 3Rs principle, will propel progress in
related fields. This review delves into the evolution of animal ethics and the 3R
principles, alongside strategies to elevate the welfare of various model animals
utilized in neuroscience, encompassing non-human primates, rodents, zebrafish,
and other species. The aim of this review is to clarify the notion of welfare in this
context and to evaluate the merits and constraints of utilizing model animals in
neuroscience research. This, in essence, may contribute to bolstering animal pro-
tection and standardizing their use in research endeavors. Additionally, the pursuit
of novel modeling methodologies is imperative to provide superior alternatives for
neuroscience research.

KEYWORDS
3Rs principles, animal welfare, neuroscience

Tianshuo Zhang and NianNian Zhang contributed equally to this article.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

© 2024 The Author(s). Brain-X published by John Wiley & Sons Australia, Ltd on behalf of Ainuohui Medical Technology.

Brain-X. 2024;2:¢70002.
https://doi.org/10.1002/brx2.70002

wileyonlinelibrary.com/journal/brx2 1 0f 20


httpsdoiorg101002brx270002
https://orcid.org/0000-0002-3707-5474
mailto:shuangqing.w@szu.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/journal/28353153
https://doi.org/10.1002/brx2.70002

1 | INTRODUCTION

Model animals are those used in human disease research, and
they usually have a similar genetic makeup to humans. Model
animals have made significant contributions to every aspect of
neuroscience research. It is widely accepted that a novel
treatment might lose efficiency during translation from labo-
ratory animal models to clinical patients. With the develop-
ment of gene-level techniques and experimental methods, as
well as other aspects, the degree of consideration of welfare
should be developed into the common ground. More animal
species and models are urgently required to meet our demands
for human model systems.

Indeed, the protection of model animals can also extend
to protecting ourselves because the well-being of model
animals influences their physiological function, which might
indirectly influence the success of modeling and impede
research progress. In the traditional research process, the
animals always experience immense suffering. We should
also consider operations in research because they can reduce
the quality of life of experimental animals. Moreover, their
circumscribed living conditions and loss of freedom can
cause psychological suffering. Therefore, as researchers, it is
our duty to protect these animals from avoidable suffering
and improve their living conditions. One study of domesti-
cated animals, including model animals, found that the
space, shelter, feeding, drinking, predation, and social setting
in the captive environment could impact welfare.

These issues are fundamental for choosing the best
models and avoiding the unnecessary use of model animals.
Relevant research on stroke, such as central post-stroke pain
(CPSP) that occurs through the somatosensory pathway, can
be duplicated in macaques, with the specific performance of
tactile allodynia the same as in humans.!"*! These models
can reveal that nonhuman primates (NHPs) are suitable for
cerebrovascular disease (CVD), especially the detection of
pain, which researchers can easily identify since the facial
expressions of NHPs are more similar to humans than those
of other model animals. In this circumstance, the use of NHP
models is essential and cannot easily be replaced until better
models to simulate brain pathogenesis are discovered.

Commissioned by the Universities Federation for Animal
Welfare, William Russell and Rex Burch conducted an
ethical book of lab techniques in 1954, leading to their
seminal 1959 publication, “Principles of Humane Experi-
mental Technique.”™ This work introduced the 3Rs
(replacement, reduction, and refinement), initially focusing
on alternative methods, particularly animal replacement.!
By 1981, the Center for Alternatives in Animal Testing
at Johns Hopkins University (https://caat.jhsph.edu/about-
caat/), with support from the cosmetics industry, broadened
the scope to include reduction and refinement, culminating in
the 1993 First World Conference on the 3Rs, solidifying
these principles in scientific research./*) Following a critical
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Key points

What is already known about this topic?

® Animal welfare protection has a long history in
public organizations and laws which champion
the 3R principles to improve the comfort and
well-being of animals across all experimental
stages. This commitment has driven innovation in
advanced experimental techniques and welfare
assessment methods.

What does this study add?

e This review focuses on the development of ani-
mal ethics and the 3R principles as well as
methods to improve the welfare of different
model animals in neuroscience. It aims to eval-
uate the advantages and disadvantages of using
model animals in neuroscience research, which
might help enhance animal protection and stan-
dardize their use in research. Meanwhile, novel
modeling methods are needed to provide better
alternatives for neuroscience-related research.

assessment by the UK's House of Lords Select Committee in
2002, which highlighted the need for the 3Rs in animal
research, the National Center for the 3Rs (https://nc3rs.org.
uk/) was established in 2004 with government backing. It
focuses on promoting the integration of the 3Rs into scien-
tific research, primarily in the UK but also globally, by
supporting research projects, providing funding, and
disseminating findings and guidelines.')

The 2010 European Directive on animal protection and
the UK's strategic Delivery Plan marked significant mile-
stones in promoting the 3Rs in research, enhancing European
animal welfare standards, and advocating for their global
adoption. Building on Russell and Burch's foundational work,
these developments reflect a modern approach that integrates
recent technological advancements, making the 3Rs more
dynamic and practical for scientists. This shift underscores a
growing commitment to ethical animal research and the
incorporation of these principles into scientific methodology.

The 3Rs principles aim to minimize animal use in research
while ensuring humane treatment. Replacement encourages
the use of alternative methods to animal models, fostering
innovation and relevance to human studies. Reduction seeks
to decrease the number of animals in experiments, enhancing
research efficiency and cost-effectiveness without sacrificing
quality. Refinement improves animal welfare in research
settings. Collectively, these principles contribute significantly
to ethical medical research, enhancing the quality and rele-
vance of scientific outcomes and promoting a humane
approach within the scientific community.
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2 | THE 3RS IN NEUROSCIENCE
RESEARCH

The 3Rs principle provides a basic standard of humane an-
imal research (Figure 1). Related legislation has been
enacted based on this principle.

2.1 | Replacement

Replacement means replacing the animal with one of a lower
level or a novel technique. It is often divided into complete
or partial replacement. In scientific research, replacement
refers to methods that either eliminate or substitute animal
use, a definition that has evolved with scientific and ethical
advances. Initially, replacement involved using inanimate
models or computer simulations instead of live animals.
Now, it includes diverse alternatives such as cell cultures,
organ-like structures, and computer modeling, which provide
accurate data without animal use. These methods replicate
human biology more precisely, offering more reliable results
than traditional animal models while addressing ethical
concerns about animal welfare.

2.2 | Reduction

Reduction focuses on strategies to decrease the number of
animals used in experiments without compromising research
quality or objectives. Precise and efficient experimental de-
signs and biostatistics methods minimize the number of

Replacement

Utilizing new models
and tools to replace
the traditional ones
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FIGURE 1 The 3Rs principle. The aspects of the 3Rs principle

(refinement, replacement, and reduction) are intertwined. Adhering to
them could help improve the well-being of model animals and benefit
research.
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required animals while still achieving statistically significant
results. Two notable approaches are highlighted.
Mini-experiment designs systematically and deliberately
introduce variability into experiments to enhance their
external validity and reproducibility. It involves interim an-
alyses for gradual information accumulation, allowing ex-
periments to stop at optimal points for determining the best

sample sizes, potentially reducing animal usage."

Multi-batch designs involve multiple independent
batches and reduce the number of animals in each batch. This
approach has improved reproducibility in preclinical in vivo
studies and minimized overall animal use by assessing
treatment effects after introducing uncontrollable varia-
tions.[®! As explored in a 2021 study, noninvasive genetic
assessment techniques in wildlife research have demonstrated
how noninvasive methods can reduce the number of animals
needed in experiments while yielding reliable scientific data.
This approach offers an advantage over more invasive
research methods.!”)

As reported in 2017, the Sharing Experimental Animal
Resources, Coordinating Holdings (SEARCH) framework
illustrates how shared tissue banks and data repositories can
reduce the need for animal research. It encourages researchers
to share their archived samples, reducing animal use and
accelerating research findings. For example, SEARCH
Breast, a prototype database for breast cancer research, has
facilitated the sharing of hundreds of tissue samples since
2014, thereby avoiding the use of numerous animals, reducing
research costs, and enhancing the potential impact of studies,
aligning with the reduction aspect of the 3Rs principle.!”)

2.3 | Refinement
Refinement refers to measures taken to enhance the welfare
and minimize the distress and pain of animals used in research.
This principle focuses on the entire process of animal exper-
imentation, from selection, care, and handling to the experi-
mental methods themselves, ensuring that scientific research
needs are met with the least possible discomfort to the animals.
Its primary focus is on improving the living conditions of
laboratory animals, including creating an environment that
accommodates their natural behaviors. It involves enhancing
their living conditions, facilitating appropriate social in-
teractions, and enriching their environment to meet their
behavioral and psychological needs. Where feasible, priority
is also given to the use of noninvasive or minimally invasive
techniques to reduce the physical and psychological trauma
experienced by the animals.

3 | ANIMAL MODELS IN
NEUROSCIENCE RESEARCH

In neuroscience research field, four model organisms are
mainly used, including NHP model, rodent model, zebrafish
model, and invertebrate model. They are arranged in order
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TABLE 1 The content related to the welfare of four main kinds of model animals in neuroscience.

Animal type Current status of research

Difficulties

Improvement

Nonhuman primate Displays strong human-like characteristics, Possess serious ethical problems and social Establish databases to supplement NHP

model (NHPs)
animal

capable of inducing a variety of brain-
related diseases

Rodent model
animal

The most commonly used model animal,
with mature technology, the coverage of
disease is the widest

Zebrafish model With rising development, with short

animal incubation period, more models related is  analysis, hard to perceive the abnormal

in an increasing contemplation condition

Invertebrate model With high fecundity and low cost, could
animal launch high throughput experiments,
gradually put into the research

of behavioral importance, and their current status is
concisely summarized (Table 1), representing a thoughtful
and comprehensive consideration of the welfare aspects.

3.1 | NHPs

NHPs have a similar cellular composition, organizational
structure, and function to humans. Therefore, they represent
excellent human disease models, especially for brain-based
diseases.”) They are also widely used in behavior, cogni-
tion, genetics, and toxicology research.

3.1.1 |
research

NHPs in cerebrovascular diseases

Brain structure and vessel direction are crucial when
choosing suitable model animals for cerebrovascular dis-
eases (CVDs) such as ischemia. NHPs are more anatomi-
cally similar to humans than other animals. In addition, they
have a complete cerebral arterial ring, and many clinical
outcomes, such as vascular response and other events
correlated with vessels, are accessible in NHPs. Moreover,
the internal carotid and vertebral arteries of NHPs are also
anatomically similar to humans.'”  Furthermore, the
composition of vessels in NHPs, including the plasma,
platelets, fibrinolytic proteins, and inhibitory factors, are
highly similar to humans,!'”) indicating that they may share
the same embolization mechanisms in stroke as humans.
Therefore, the cerebrovascular pathology in an NHP stroke
model more systematically and comprehensively resembles
humans.!'” The use of NHPs as a suitable model for
ischemia must be further considered in more depth. A related
review highlighted the different modeling methods and
evaluated the methodology to choose a better model ani-
mal.l""! These issues are fundamental for choosing the best
models and avoiding the unnecessary use of model animals.
Relevant research on stoke, such as the CPSP that occurs
through the somatosensory pathway, can be duplicated in
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attention, samples are hard to obtain

research. Input more volunteer research
instead of it

Welfare considerations are less developed Replaced by abiotic systems where
than experimental research methodologies possible, develop complete method

including living condition and mental
health

Behavior observation is hard to obtain and Improve their living condition, adjust the

density. Strictly execute human endpoint

Hard to standardize the evaluation criterion Develop standardized tests based on
of their wellbeing

appearance, reactions, and simple motor
abilities to estimate wellbeing

macaques, with the specific performance of tactile allodynia
the same as in humans.!"*!

3.1.2 | NHPs in Alzheimer's disease research

The African green monkeys (Caribbean vervets) easily
develop age-related diseases, including metabolic and
vascular diseases. This species can be an excellent model of
age-related f-amyloid (Af) deposition for Alzheimer's dis-
ease (AD) research since its amyloid beta precursor protein
(APP) sequence is highly conserved in humans.!') NHPs
can also be induced by the neurofibrillary tangles after the
specific injection of oligomeric Af ventricles.!'*) However,
the specific neurofibrillary degeneration!'*'! in human
nerve tissue has been challenging to induce in animal
models. The Af dimers and other pathological hallmarks of
AD are lacking in the brain tissue of rhesus macaques.''®)
Notably, the abnormal tau phosphorylation that emerges in
aged NHPs can represent the same lesion in humans and be
manipulated to replicate AD.!'*'*) Therefore, the need for
NHP models in AD research requires further discussion,
with many difficulties and welfare problems, and the NHP
models cannot fully meet the research target. Therefore,
replacing this disease model is valuable and meaningful.

3.1.3 | NHPs in Parkinson's disease research

Due to their genetic and physiological similarities with
humans, NHPs are fundamental to discovering the patho-
genesis of Parkinson's disease (PD). Resembling human
patients with PD, the I1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP)-induced parkinsonism NHP model is
sensitive to dopamine replacement therapies.!'”! Therefore,
stem cell therapy to treat dopaminergic neurodegenerative
disease in NHP models has recently been extensively
researched.!'®! Pathogenesis based on the formation of Lewy
bodies through the accumulation of a-synuclein (a-syn) in-
side neurons was found to be a significant mechanism in PD
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pathogenesis.['”) A novel method of molding through the
injection of a-syn pharmaceutics and transgenics is
emerging and arousing some attention among re-
searchers.!*”! Regarding physiology, NHPs specifically have
the same sleeping pattern as humans. The clinical symptoms
of neurological disease in NHPs are also evident to re-
searchers, such as dystonia and chorea, because the behav-
ioral patterns of NHPs are closer to humans than other
model animals.!?'! While NHPs have contributed signifi-
cantly to the discovery of PD pathogenesis, limitations in
high expertise operation, support, welfare, and ethics
contribute to fewer research samples than other animals, and
the increasing attention on animal welfare could shift
research to alternative models.

3.1.4 | NHPs in multiple sclerosis research

The immune systems of NHPs are also highly similar to those
of humans. Therefore, they have been used as research models
for autoimmune diseases such as multiple sclerosis (MS). The
most commonly used animal model of MS is experimental
autoimmune encephalomyelitis (EAE), which could be
regarded as one of the most in-depth models of immunolog-
ical experiments. This model has been successfully induced in
all kinds of mammals, including NHPs.*?! However, due to
regulations, fewer neuroscience experiments are launched
using NHPs such as chimpanzees because of ethical issues
and other societal concerns. Currently, rhesus macaques and
other common marmosets are the most used NHP models for
MS research. The EAE model induced in these animals shows
less stereotypical neurological dysfunction than other tradi-
tional rodent models.*?! However, while less stereotypical, it
presents a greater resemblance to the MS phenotype in
humans. Therefore, their use might not only increase the
difficulty in animal behavioral observations and analyses but
also prolong the modeling experiments, making it challenging
to obtain results within several years. However, NHPs have a
long lifespan, so they can show the complete disease process
after modeling, while other model animals such as rodents can
only present the first stage of the disease, with the final stage
hard to induce. Nevertheless, NHPs are irreplaceable in the
safety and efficiency preclinical testing of novel therapeutics
for MS,!**! such as the biological molecular therapies>*=]
and promising treatment target sphingosine-1-phosphate re-
ceptor 1 (S1PR1).2¢]

3.1.5 | NHPs in amyotrophic lateral sclerosis
research

The brains of NHPs have a complicated functional network
comprising the neocortex and prefrontal cortex, which may
help them to develop superior brain functions such as
thinking, studying, judgment-making, and decision-
making.?”**! In order to further understand amyotrophic
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lateral sclerosis (ALS), many genetic defect models have
been established in NHPs. A recent study on model animals
found that some significant events resembling neurodegen-
erative diseases can be triggered in the central nervous
system of NHPs but not duplicated in small animals, high-
lighting their uniqueness in modeling.*®! The ALS models
established in NHPs include cynomolgus macaques over-
expressing transactive response DNA-binding protein 43
(TDP-43),5% the superoxide dismutase 1 (SODI1)-ALS
marmoset and macaque models,”' > and the stereotaxic
injection-induced FUS RNA binding protein (FUS)-ALS
marmoset models.****! However, using NHP neurodegen-
erative disease models has high costs and ethical and welfare
issues. Inducing related diseases could trigger palsy and
amyotrophy behavior in NHPs, significantly reducing their
lifespan and quality of life. Therefore, NHP models of MS
are used less than other rodent models.

3.1.6 | Welfare issues in NHP research

Genetic editing technique clustered regularly interspaced
short palindromic repeats (CRISPR) was discovered in 2012.
This method forms an active complex to cleave the target
DNA. A transgenic NHP model was created by rapidly
editing the DNA sequence of an embryo,*®! which was
subsequently confirmed.”*”! NHPs have the closest relation-
ship to humans, which could cause increased attention even
from the public and other researchers, especially in the gene
editing and cloning areas.*®! A common concern is whether
the human-origin stem cell-induced NHP model chimeras
are more ethical than primary ones and whether the chi-
meras, especially those created in NHPs, are ethically
allowable.*®) Greater consideration and problems about
NHPs is whether introducing human stem cells and neurons
into their brain could raise their self-consciousness and bring
more complicated ethical problems. The genetic similarity
between NHPs and humans is extremely high, so the ethical
standards and boundaries are stricter than for other animals.
Due to control over the course of events, some researchers
recommend using gene editing instead of chimeras to create
animal models to prevent moral problems.®!

While gene editing problems have been solved, severe
welfare problems remain. Inducing neurological diseases in
NHPs significantly reduces their lifespan and quality of life;
given their high-level recognition and emotional ability, the
injuries caused to NHPs are undoubtedly severe. In this
complicated situation, the 3Rs principle of refinement is ur-
gently needed in NHP-related research. Replacing NHPs with
lower animals or cells would be better, with the ideal solution
being stable and mature non-animal experiments. A recent
analysis found that researchers who used NHPs recently also
paid attention and even contributed to non-animal methods to
replace the excessive use of NHPs. Current fundamental
problems and translational medicine show promise in being
overcome based on related research.*)
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TABLE 2 Advantages and disadvantages of NHPs in neuroscience research.

NHPs applied in

neuroscience Advantage

CVD With complete cerebral arterial ring, internal carotid,

vertebral arteries

Disadvantage

With difficulties in gaining the samples and modeling

AD Excellent age related f-amyloid (Af) deposition model Affected by welfare concerns, samples do not achieve the
desired outcomes
PD Own the same sleep pattern as human, with same clinical The welfare problem and social, few clinical samples could be
symptom obtained
MS Mature model and less stereotypy Incomplete regulation system
Hard to observe and regulate
ALS Symptoms of disease are highly resemble with human being With high cost and welfare issue, long modeling period

Abbreviations: AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; CVD, cerebrovascular disease; MS, multiple sclerosis; NHP, nonhuman primate; PD, Parkinson's

disease.

To date, NHP models are challenging to replace in some
contexts, such as building a CVD or neuroimmunology
model, and the complete restriction of using NHP models
might impede neuroscience advances. Therefore, we require
suitable regulations to restrict NHP research instead of a
total ban. For example, animal research legislation in the UK
and EU requires a harm-benefit analysis that compares the
potential damage that research could cause to its potential
benefits to science or medicine.l*!! This legislation makes
considering the potential suffering of the model animal in-
tegral to the research process, which is significant for NHP
research, especially in long-term neuroscience research with
complicated behavioral analysis.*'! Mitchell et al.”*"! raised
concerns about a total ban on NHP research, concluding that
it could impede improvements in both fundamental and
translational medicine. They highlight that a ban might have
further adverse effects on neuroscience, the broader scien-
tific community, and the welfare of human and nonhuman
species. They approved the use of NHPs in the targeted areas
such as neuroscience. We must figure out the advantages of
using NHPs and the ensuing problems to support the well-
being of NHPs and the development of novel neuroscience
research (Table 2). The use of NHPs is limited due to
immature management standards, and their welfare should
be taken seriously.

3.1.7 | Improving the 3Rs for NHP welfare
The principle of replacement is widely used as one of the
3Rs. In this context, a partial replacement could be replacing
NHPs with rodents or other small animals. Before realizing
the principle of replacement, researchers must determine the
particularity and irreplaceability of NHP models in current
neurological disease research and identify a better solution.
Roger N. Lemon'*”! highlighted that due to the genetic,
evolutionary, and behavioral similarities of NHPs to humans,
most neuroscience research tended to choose NHPs. More-
over, techniques forbidden for use in the human brain have
been used in NHPs to further understand the brain. Greater
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attention should be given to the ethics and welfare of NHPs to
protect them from excessive injury to their body and spirit.
The statistics presented by Lemon showed that research using
NHPs has declined, with non-animal research comprising
more than half of all research. However, they also showed that
refinement research comprised the smallest proportion, which
might indicate that refinement methods still need greater
exploration to reduce the excessive use of NHPs.

The welfare of NHPs is controversial, and researchers
have developed multiple techniques and even novel models
to advance the related field. The development of NHP-
related research has been rapid, and the 3R principles of
reduction, replacement, and refinement are considered
separately below.

Reduction

Statistical collection and classification could help enhance
our understanding of one model animal and reduce their
excessive use. Combining imaging and statistical analyses
could help to facilitate the reduction in NHPs.

Examination methods such as magnetic resonance imag-
ing (MRI) could help to improve the welfare of model animals
by enhancing location accuracy and noninvasively examining
changes in animal brain tissue. In addition, the MRI is
extensively used in clinical procedures such as nervous system
examination. With increased attention to animal welfare, the
MRI used in brain science research could even be used to
evaluate and help improve the well-being of NHPs.[*?! In the
Japan Monkey Center's primates brain imaging repository,
researchers established a high-resolution postmortem MRI
platform using the brain tissue image samples of 12 NHP
species.'**! This image database and open platform help to
promote the development of comparative medicine. It also
refines the MRI scanning methods in animal experiments, and
these experiences can be fully used to improve animal ethics
and welfare. The researchers encourage others in computer
science and mathematical modeling to help develop the plat-
form and hope that mutually developing neurology and novel
techniques will reduce the use of NHPs in future brain science
studies.
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With the background resources for NHPs and their
connection already established, their comprehensive resource
integration with brain function is considered equally impor-
tant and requires completion since its integration could help to
model the brain accurately. Researchers filled this gap by
synthesizing the functional MRI (fMRI) data of marmosets,
facilitating comparative primate brain research.*¥ Several
research groups have established in vivo brain or cellular
imaging technologies to study the NHPs.””! In vivo live im-
aging helps reduce invasive research using NHPs and the
burden of neurological diseases. To further improve the
comprehensive data on primate brains and enhance the com-
bination of transcriptomic and neuroimaging data, some
research teams have collected bulk RNA-sequencing data
from different brain regions of NHPs to examine connections
between gene expression and morphological regional varia-
tion in the whole brain.'*! Their further exploration can
provide unique resources for translational and comparative
medicine, contribute to neurological disease research, and
provide novel invasive research methods. The improvements
in techniques can achieve the refinement principle of the 3Rs
of animal welfare, helping to enhance the accuracy of image
examinations, thereby increasing their value, which could
finally facilitate a reduction in animal models used in research.

Neuroimaging techniques are the primary means of
studying disease-related networks and in vivo connectivity
patterns in humans. The ultimate purpose of animal research
into disease pathogenesis and treatment is to apply the
findings to humans. A leading solution to integrating the
information for humans and animals is to determine brain
circuits and compare them between species. Research on this
problem has discovered a novel tracing technique for meso-
circuitry information in NHPs, helping to understand
comparative medicine and network connections between the
two species.!*®! The tracing in NHPs provided precise in-
formation that contributed to the further study of neurosci-
ence translation and fewer but better NHP experiments.

Replacement
Besides reduction, NHP research can be replaced by
comparative stem cell analyses. An innovative study
compared the specific output of cortical progenitor cells from
humans and three NHPs in two-dimensional and three-
dimensional (3D) systems to examine the function of the hu-
man cortex.*”) The 3D organoid technique has emerged in
recent decades and has taken up an increasing proportion of
brain research.!*® The 3D organoids are used to simulate the
development of the human brain and have been used to explore
the pathology of nervous system diseases. Pluripotent stem
cell-derived brain organoids have been recently developed and
used to study neurodegenerative diseases.*”) These novel
techniques could help to complete the non-animal experi-
ments, meet the replacement principle of the 3Rs, and even
attain a complete substitution, best meeting our demands.

In the history of animal research, researchers have
ignored even the fundamental needs of NHPs, including their
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physical and psychological needs. They believed that satis-
fying the demands of model animals would increase costs,
and the sudden optimization of the environment might cause
unnecessary deviation from previous research and the
experimental design. Finally, NHPs have long lifespans and
are trapped in barren and narrow cages alone. Their current
conditions must be urgently rectified, and the most efficient
way is to establish relevant laws. Legislation protects the
rights of NHPs. For example, in the US, the National In-
stitutes of Health decided to no longer support research using
chimpanzees, speeding up the decline of such research.>”
The Animal Welfare Institute also keeps working on
improving conditions in primate research, providing signif-
icant content to the eighth amendment of the Guide for the
Care and Use of Laboratory Animals and publicizing the
comprehensive conditions NHPs need in related research.
With the institute's approval and due to the relevant laws and
ethical obligations, research laboratories must meet these
needs as much as possible to ensure the welfare of NHPs.

Refinement

Researchers agree that the welfare of NHPs is fundamental
in the monitoring and refining of experimental methods. The
accumulating evidence of adverse effects in NHPs is highly
concerning but lacks a sufficient factual basis. Wegener et al.
collected blood samples from 39 rhesus macaques and
explored blood markers of chronic inflammation, pressure,
and other negative factors.”"! Their results provide evidence
for the refinement of research methods to increase the wel-
fare of NHPs.

Further research on specific applications for NHPs is still
ongoing. Some research has examined whether the fluid
rewards used in NHP research are harmful to them and
whether this method needs to be controlled.®* Other
research has attempted to replace the fluid reward with social
stimuli to maintain the stable fluid balance of NHPs,
although this requires further exploration.”*>* The use of
sedation to reduce NHP suffering has also been
researched.’”> ") Facial expressions are often used to assess
pain in model animals. However, they can also be used to
detect their emotions and better understand their thoughts to
provide better living conditions.!*®! As species most similar
to humans, like humans, NHPs can express themselves
through behaviors and sounds. Some researchers are exam-
ining NHP vocalizations to predict and better understand
their emotions.!*”) Attempting to understand their feelings is
a favorable development for the well-being of NHPs and
helps to refine the process of related research.

Further improvement of welfare principles regarding the
feelings of NHPs could extend regulations to the psycho-
logical aspect, taking the mental health of NHPs seriously.
However, the mental-related index is difficult to control and
regulate, making it challenging to incorporate into stan-
dardized management. Such procedures cannot be easily put
into widespread use unless a more mature monitoring pro-
cess and scoring system are developed.
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3.2 | Rodents

The limitations of in vivo disease models are one of the
important factors impeding the translation of results from
pre-clinic to the clinic. Rodent models are widely used in
clinical research mainly because of their high similarities in
gene content with humans and ease of access. Rodents are
widely used as transgene models that contain the pathogenic
human gene through gene editing methods such as CRISPR/
CRISPR-associated protein 9 (Cas9) and Cre/Flox. Gene
editing technology is widely used in creating rodent models
because animals seldom suffer the same diseases as humans,
especially gene-related diseases. Therefore, gene editing is
widely used to create rodent animals, especially mice. /"’
Because of their high reproductive capacity, short repro-
ductive cycle, and high survival rate, rodent models are
easier to develop quickly than primates. These characteris-
tics meet the needs of almost all research, providing effective
scientific results. Researchers must control the research
conditions, meaning they must alter one variable while other
conditions remain the same. To ensure the validity and
repeatability of the results, researchers require a certain
number of experimental subjects to establish statistical
support.

Discoveries related to ALS have increased rapidly
recently, most focused on ALS genetics, with the number of
genes associated with ALS increasing rapidly in recent de-
cades.[®!] The mutated gene provides an impetus to develop
transgenetic models for ALS research. A comprehensive and
realistic perspective is needed when developing genetic an-
imal models, and rodents are suitable for gene-based ALS
research since they have high fecundity and allow compar-
ative studies of the central nervous system.[®'! While the
genetic research on ALS has grown rapidly, we cannot deny
that the most common form of ALS is sporadic ALS (sALS),
accounting for 90% of all cases, while the currently explicit
gene-related form, familial ALS, accounts for only about
10%.1%) Further research is still required to determine the
exact mechanisms of sALS, which might be caused by both
environmental and polygenetic effects, and genetic models
cannot reach the final goal of overcoming the difficulties of
ALS alone. However, difficulties still exist with mouse
models of ALS. The modeling period is too long for each
mouse model, so repeated experiments might be limited by
time, complicating the continuity of research and reducing
the advantages of mouse models. The first non-genetic
model of ALS was created in guinea pigs, induced by a
dietary factor: food lacking ascorbic acid could induce the
generation of motor neurons, the atrophy of muscle, and the
degeneration of pyramidal tracts..®*) Guinea pigs are spe-
cifically used to study the pathogenesis of autoimmune
processes in ALS, which also play an important role in the
model animals. Regarding environmental factors, we must
be concerned with both the psychological and physiological
well-being of model animals, which require standardized
management. In the long term, the welfare of model mice
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could influence the experimental results, and from a
humanitarian perspective, it should be taken seriously.

The study of EAE mouse models has matured. As the
commonly used animal model of MS, EAE is induced by
injecting the myelin basic protein self-antigen into suscep-
tible mice, causing an autoimmune response.[* The current
EAE model still has limitations, and to better simulate the
complexity of MS, researchers are focusing on humanizing
the immune system of rodent EAE models, hoping to obtain
better rodent models that could be applied in research on MS
and other autoimmune nervous system diseases.'**! Other
methods for refining the induction process of EAE models
are related to the suitable dosage of pertussis toxin, aiming to
obtain greater comparability and reproducibility to reduce
the use of mice in experiments and perfect the welfare
standard.!®>! Environmental conditions such as chronic mild
hypoxia could help promote the recovery of demyelination
in EAE models by reducing the expression of endothelial
activation molecule vascular cell adhesion molecule 1,
which might influence the induction process and disrupt the
expected result.l°®®”) Therefore, the content and rising
density of oxygen require special attention in the feeding
environment of EAE model animals. As an autoimmune
animal model, the function of the immune system has a
significant effect. Rodents are sensitive to sounds and
circadian rhythms. While rodents are small and their be-
haviors are less relevant to humans, they still require addi-
tional attention. In addition, with research involving
laboratory animals gradually increasing, more animal wel-
fare conditions must be considered than before, such as
environment, feeling, and nature. These conditions not only
show humanitarianism toward laboratory animals but also
consider their biological nature, which might interfere with
research.

As the second most common neurodegenerative disease,
the prevalence of PD might increase continuously.'°®! It has
widespread effects on human health, and effective therapies
are needed through different methods. Rodent models are
widely used in research on PD pathogenesis and therapy.
Genetically modified neurological rodent models have the
advantages of high fecundity, small rearing space, and
similar genetic and nervous systems to humans. Therefore,
transgenic rodent models of PD are highly reproducible and
relevant to humans.[*”) Commonly used rodent models of PD
are created through mutations in the genes a-syn,’””
parkinsonism associated deglycase (PAREK7/DJ-1),["")
leucine-rich repeat kinase 2 (LRRK2),"*7*) and PTEN-
induced putative kinase 1 (PINK1).*"™ Researchers do
not consider rodent models of PD as the best model due to
differences in significant pathological features in gene-edited
rodent models, such as the lack of apparent nigrostriatal
degeneration and reproductive motor deficits in behavioral
analyses.[®”) A more realistic reason is that the lifespan of
model mice is less than 3 years, too short to naturally show
the neurodegeneration process that often takes decades in
humans.”) Improving the stability of rodent models of PD
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is promising to provide a novel approach to understanding
and improving its treatment.

Regarding preconditions, wild-type rodents cannot
develop the characteristic pathological features of AD, such
as the A plaques and neurofibrillary tangles. One reason
might be that their lifespan differs from that of humans,
limiting their ability to progress from the pre-symptomatic to
symptomatic phase, whereas large animal models and NHPs
can develop AD dementia.’® Another reason might be
differences in genes between the mice and humans.””! The
commonly used rodent models overexpress the human 4PP
gene and carry a transgenic MAPT mutation, providing
precious opportunities to examine the molecular, cellular,
and behavioral basis of AD pathogenesis and test novel
therapeutic methods.!”® Transgenic AD models are always
induced in rodents such as mice by randomly integrating a
gene related to AD pathology or introducing a gene mutation
into the embryo.'””) Familial AD is associated with a specific
gene mutation, so it could be duplicated more easily than
sporadic AD, which may be influenced by both genetic and
environmental factors, making it harder to simulate.!”®!

3.2.1 |
research

The welfare of rodents in neuroscience

Rodents are one type of classic model animals with a long
history of use in brain science research. Researchers pay
close attention to research results and attach importance to
laboratory-related interference conditions. More compre-
hensively, living conditions and mental health are also
crucial for satisfactory research results. From a humanitarian
perspective, due to their significant contributions to human
health, the living demands of rodents should be mostly
satisfied.

As one type of commonly used animal model, re-
searchers can observe welfare issues in every aspect of their
research, including well-being, conditions, feelings, and
sensations. Since some groups are specializing in related
problems, the future of rodent welfare is promising.

3Rs problems related to conditions
While mice are the most widely used animal species in
biological research, gaps still exist in mouse-related behav-
ioral biology and living conditions. Housing problems are
seldom mentioned during the research process. Most
research requires multiple model animals, and when the
space is limited, the hygiene and space of the model mice
always lose protection. However, most researchers under-
stand the conditions rodents require in research because poor
conditions can affect outcomes, limiting their ability to
advanced understanding. Nonetheless, they seldom invest
much effort in it, and it is our duty to refine the conditions to
improve their welfare.

The need for housing and space has been confirmed as a
major issue with a severe lack of experimental data..””) One
relevant study to address this gap explored the impact of

RIGHTS L1 N Hig

space and living density on the welfare of mice, showing that
under standardized living conditions, space restrictions only
had minor effects on them.'*”) Although the mice breeding
density is higher than recommended, it will not adversely
affect their well-being for most strains, and the excessive
number of mice in the limited space can even reduce their
stress.'®!) This outcome illustrates that the refinement of

mouse well-being can be explored in other areas, and the
natural instincts of mice are not just as simple as we thought.
Analogous issues in rats can lead to other outcomes that are
beyond our expectations. Researchers have hypothesized
that housing density could increase stress in rats, revealing
that social rank is a better regulatory factor for emotions in
rats than living density.®?) Welfare-related research still
needs to be initiated and completed to examine related
environment-based health issues in mouse models and
determine how they influence welfare-related problems.

One study recently found that chronic stress caused by
social isolation might cause depression-like symptoms in
mice, changing the physiological function of glial cells such
as microglia and astrocytes.®! The transformation of as-
trocytes and glial cells could ultimately reduce hippocampal
neurogenesis in male mice. The aggressive nature of male
mice is well-known and often causes unnecessary injury and
even death of weaker males. However, a successfully
induced disease model might present morbid weakness, and
during fights, it might be at greater risk of injury or death, so
we chose to isolate it under specific circumstances. However,
with the discovery of the effects of social isolation in
mice,®¥ such as increasing stress,*¥ the depressed-like
condition can also disrupt physiological changes in the
nervous system, which might influence research findings. In
conclusion, greater attention should be given to increasing
the density of mice. For example, the successfully induced
EAE mouse model requires appropriate operation and mice
with low stress. The procedure provided by Hooke Labora-
tories (https://hookelabs.com) mentions related matters in
C57BL/6 model mice (Table 3).

Aiming to explore the well-being of transgenic AD
model mice and extend it to their social behavior and
psychological health, researchers examined their social
nesting behavior and advocated their home-cage moni-
toring technique in an animal department setting.® An

TABLE 3 The induction of the EAE model.
For successful EAE induction
Before the immunization procedure, allow mice to adapt to the laboratory
House mice under safe and quiet conditions without vibration and noise
Operate gently and avoid redundant touching of the mice
Try to perform all procedures in the animal house
Obey the recommended procedure during the operation

Note: The detailed modeling procedure can be viewed on the Hooke Laboratories
website (https://hookelabs.com/protocols/adoptiveTransferEAE_C57BL6.html).

Abbreviation: EAE, experimental autoimmune encephalomyelitis.
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effective monitoring system is needed to observe and
promptly address condition-related problems to maintain
their well-being.

3Rs problems related to sensation

Stress and pain are overlapping processes with a shared
neuropathy. Different types of suffering could have the same
correlated brain-like structure and induce similar effects.®!
Potential or actual harmful stimulation might trigger acute
pain and injury pathways.!*”!

Rodents are widely used in gene editing research. Abiding
by the 3Rs in current gene-editing processes will hopefully
resolve many issues; any problems in this process will lead to
the excessive use of rodents. Before initiating the research, the
exact severity of the phenotype must be confirmed by exam-
ining previous articles and protocols. Given the possibility of
gene mutation and the development of other unexpected
phenotypes, we should choose stable and standard methods
where possible to make the experimental model achievable.
The severity of any model must be reconsidered, and each step
should be transvaluated to control them.®® We must consider
that gene editing models could generate diseases and affect the
welfare of animals by causing them injury, pain, and contin-
uous suffering. Once the transgenic model animal is produced,
any pain and suffering should be controlled at a humane and
bearable level, which must be as low as possible. While the
lethal injection method can be seen as an acceptable way to end
the suffering of rodents at the final stage, they can experience
discomfort during the euthanasia process due to the adminis-
tration method and the drug's physiochemistry. For example,
due to their basic or acidic pH, injecting sodium pentobarbital
and ketamine might stimulate intraperitoneal mucosa re-
ceptors, causing pain.®”! These effects should be measured
effectively, and professional personnel should be willing to
monitor them.™®® The peripheral nociceptor might be influ-
enced by negative physiological states, such as feelings of
anxiety and fear, potentially leading to hyperalgesia.”*”’

When investigating different diseases, researchers aim to
use novel treatments to cure the model mice and relieve their
symptoms. Some therapies have been found to cure trans-
genic models, and some have been accomplished using
adeno-associated viruses.””' %) The experimental treatments
help to reduce the pain of transgenic model animals, which is
worthy of encouragement and brings meaning to both ani-
mals and humans. When gene-modified animals suffer from
a disease, an ethical review of them should stop the process
and encourage a humanitarian endpoint for the animals.

3Rs problems related to euthanasia

The refinement principle of the 3Rs is widely used to pro-
mote the welfare of model animals. It aims to reduce or
prevent pain in research animals and maintain their well-
being. Anesthesia could prevent model animals from expe-
riencing excessive pain, but researchers sometimes ignore
the demands to reduce pain in the euthanasia stage. In order
to complete the process and ensure animal welfare
throughout, refinement should also be applied to the final life
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stage to prevent the animals from experiencing pain.** The
pain of rodent models should be considered seriously
because, as small animals, their living habits and behaviors
differ greatly from humans, so it is hard for researchers to
respond to their requirements promptly. Moreover, when
animals suffer pain and stress, a series of endocrine, im-
mune, behavioral, and physiological responses are triggered
to break the intrinsic balance.””>! Preventing pain in rodent
models is not only a scientific, moral, legal, and ethical re-
sponsibility but also contributes to reducing confounding
effects, such as variability and low reproducibility, that
might influence research progress.>**! Standardized eval-
uation methods should be used to assess pain to address this
need.

One of the most common methods for assessing pain is
specific behavior analysis, such as twitching, stagger-fall,
lack of grooming, back arching, and burrowing behavior,!*!
Behavioral observation can be easily implemented in the
daily routine for rodents, but the scoring system is not suffi-
ciently reliable for quantitative analysis. This issue led to the
development of the “grimace scale” scoring system, which
correlates facial expressions with pain level.”**”! Langford
et al.l”®! invented this scale in 2010 by collecting the facial
expressions of mice and designing a coding system, identi-
fying five facial features perceived by humans as potentially
reliable expressions of pain: (1) orbital tightening, (2) nose
bulge, (3) cheek budge, (4) change in ear position, and (5)
change in whiskers.”® Quantifying the specific feelings of
mice enables researchers to better control their well-being and
help set suitable model animal welfare criteria. The mouse
grimace scale scoring system can be extended to other ani-
mals and facilitate the regulation of model animals. In addi-
tion, measuring pain can help assess disease modeling since a
successful disease model can cause pain. Measuring pain
promotes the accuracy and success of modeling, which can
enhance the refinement aspect of the 3R principle. The
“grimace scale” can also be used to evaluate euthanasia and
avoid excessive suffering in model mice.

One review examined the pain scales for common lab-
oratory animal species, such as rodents, highlighting recent
attempts to standardize the assessment of pain-related facial
expressions in different animals.”®! Another study estab-
lished six categories to assess the measurement properties of
grimace scales for different animals and found appreciable
diversity among species. It also found a high level of evi-
dence for the mouse scale of different rodents.!'®” The
grimace scale to assess pain in rabbits was based on the
mouse scale,'' " observing facial expressions and examining
serum corticosterone, blood pressure, heart rate, and vocal-
ization as reliable physiological responses to pain. This scale
was used to assess the health condition of rabbits. Several
studies have attempted to develop automated systems based
on this scale to enhance the use of pain assessments.!'%*%%]

Acquisition of animal tissue is an unavoidable and le-
gally regulated procedure in scientific research. Many ethical
and welfare issues must be faced during this procedure.
Therefore, proper and humane measures to end the life of
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research rodents are vital. Euthanasia via exposure to carbon
dioxide (CO,) is high throughput and contactless and is
believed to be humane. However, advances in behavior
analysis have enabled the experiences of rodents to be
quantified, and high CO, concentrations may not be the best
choice for animal well-being. As a widely used euthanasia
method, exposure to CO, is actually contrary to animal
welfare requirements since it evokes pain, fear, respiratory
distress (dyspnea), and anxiety because death is caused
brutally by air hunger.'%'°! In 2023, Clarkson et al.
examined a novel direction about whether gradual decom-
pression could be used as an alternative method to achieve
euthanasia with less stress and pain.'”) Comparing the
spontaneous behavior of mice during their novel method and
the traditional CO, method, those euthanized by decom-
pression showed less anxiety behavior in different aspects,
emphasizing the feasibility of their method.!'®”) Another
study sought to refine the current “gold standard” CO,
method for euthanasia, determining the hypobaric hypoxia
profile used for humane euthanasia in mice.l'® Our will-
ingness to replace the CO, method with a more practical and
high throughput method is also important. With the
increasing focus on animal welfare, the need for such a
method is becoming increasingly urgent.['*®’ An overdose of
anesthesia drugs is also used to euthanize model animals.
Compared to the CO, and decompression methods, the
immobilization and injection could cause more pain and
panic in model animals. The inhalation of anesthetic causes
more struggling and aversive reactions in rodents.!'*”]
Anesthesia methods still require further improvement.
Additional methods should be rapidly developed and eval-
uated to enhance reliability.

3.2.2 | Improving rodent welfare

Rodent models of MS are often induced by drugs, which
require multiple injections and cause pain in mice. In addi-
tion, the scoring system for assessing their behavior is very
subjective. A novel transgenic C57BL/6 mouse line expresses
transgenes for a myelin oligodendrocyte glycoprotein-
specific T cell receptor and a retinal ganglion cell restricted-
Thy1 promoter-controlled cyan fluorescent protein.!''”! This
model develops optic neuritis, which can be monitored in
living animals using electrophysiology and iconography. The
model animals were treated with chemically modified syn-
thetic short-interfering ribonucleic acids targeting caspase 2
(CASP2) to reduce pain and cure the disease.

Mice are seen as the only species that can be easily
manipulated using gene editing. However, we must focus
more on the demand for mice and recognize the possibility of
gene editing in other species using the CRISPR/Cas9 tech-
nique."'"! This technique could be used to create models
faster, at lower cost, and with precise targeting. A novel study
demonstrated that other species could be more suitable for new
projects than mice, and we expect that gene editing in other
species could make significant progress and be sufficiently
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valid to reduce the use of animals in animal experiments.
Notably, the development of novel techniques is reducing the
cost of transgenic models, which might lead to more trans-
genic models being created with less consideration. Therefore,
modeling and related research should be more strictly moni-
tored than before to protect the welfare of model animals.
Researchers should consider that the purpose of developing
model animals is to minimize the use of animals and provide a
more complete research design. Therefore, we must pay close
attention to both the development of medicine and the welfare
of model animals. Research needs and animal welfare should
be balanced by specialized personnel, and procedures should
be standardized to help maintain a balance.’®®! Cell-based
research is the typical replacement for animal research in
neuroscience, which is eminently suited to preliminary
research. However, neural progenitors, one common cell type
used, are typically obtained from fresh mouse tissue. Novel
frozen storage protocols have been designed to allow the
preparation of fully dissociated preliminary cultures.!''*! Im-
provements in rodent-derived cell culture can help reduce the
excessive use of model rodents.

Another study investigated using noninvasive telemetric
technology to monitor cardiovascular parameters in sponta-
neously hypertensive rats. It demonstrated that the telemetric
approach could provide comparable baseline blood pressure
and heart rate values and drug intervention responses to
traditional invasive methods such as femoral arterial cathe-
ters. Crucially, animals exhibited lower baseline cardiovas-
cular values and enhanced responses to angiotensin I
converting enzyme inhibitors using telemetry, suggesting
that this noninvasive technology may reduce their stress
levels. These findings confirm the benefits of noninvasive
telemetric technology in reducing experimental animal stress
and enhancing data accuracy.!''”!

Some researchers have proposed using radio telemetry
technology to record molecular, cellular, and physiological
changes in model animals, avoiding frequent invasive pro-
cedures and enabling them to be housed in larger cages
under less restrictive conditions.!''* The technique could be
beneficial in satisfying their natural needs and helping
maintain their physiological balance. While the application
of long-range monitoring in animal research might benefit
both model animals and researchers, a complete infra-
structural facility is truly needed.

3.3 | Zebrafish

Zebrafish are becoming a popular model animal in both
genetic and neurology research. The larval and adult stages
have been used to increase knowledge of brain function,
nervous system dysfunction, and pharmacological effects on
neurological diseases.!''” Zebrafish can be transparent and
are highly similar to humans genetically, making it an effi-
cient novel animal model.!''® In current research, zebrafish
are used to analyze complicated neurological diseases such
as depression, drug abuse, and cognitive deficits..''>! The
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central nervous system of zebrafish shows the specific
structure of vertebrate animals: a brain with four lobes, a
spinal cord, and a neural crest. In addition, the basic
biochemical characteristics of the neuronal networks are
highly similar to humans, including neurotransmitters, such
as glutamate and y-aminobutyric acid, and neuromodulators,
such as oxytocin and somatostatin.!"' " Zebrafish can be used
for genetic screening and drug discovery, which can be seen
as supplementing traditional mammal models.!''®)

It is easy to overlook that zebrafish have highly similar
cerebral vasculature morphology and physiology to humans,
making them a suitable model for CVDs.!'"”) Unlike other
large model animals, they can be manipulated genetically, and
their reproductive capacity allows for large-scale selection
based on the phenotype.''”) Moreover, unlike other animal
models, including the widely used rodent models, zebrafish
have an impressive regeneration capability, which is hoped to
be leveraged in treating modeled conditions in humans.!'*"

The advantages of zebrafish make it possible to complete
the high throughput analysis of pathogenic behaviors and
phenotypes because the modeling cycle is shorter for motor
impairment diseases, such as ALS, than with traditional ro-
dent models, where only dozens of models are examined in
each period, which is too small to be considered genuine and
believable. Zebrafish can be seen as promising model ani-
mals for ALS to overcome this shortcoming. Relevant
studies facilitating behavioral studies of zebrafish are help-
ing to overcome these challenges, indicating the need for
further development in current research directions.!'*!! Due
to their small size, zebrafish are challenging to observe
without specialized equipment. Their facial expressions and
social interactions are subtle and challenging to document, a
characteristic limitation of this species. Moreover, the
assessment tools for zebrafish behavior are not fully devel-
oped, and precedents are scarce to guide their application.
Therefore, some researchers may choose not to use zebrafish
in their experimental designs. Similarly, studies focused on
diseases that affect movement might also choose not to use
zebrafish as a model due to the inherent difficulties in
evaluating their motor functions and the current limitations
in our ability to quantify these behaviors effectively. These
are some of the problems with zebrafish models.

Zebrafish are promising model animals for studying PD.
Effective treatments for PD still require further exploration,
and no medicines are currently available for PD. Zebrafish are
often used to screen therapeutic agents due to their suitability
for manipulation using various methods, especially genetic
ones. Additionally, zebrafish embryos are transparent and
produced in large quantities, making them easy to observe and
ideal for high-throughput drug screening. Physiologically,
zebrafish have aminergic structures, an MPTP action
model,''**) and PINKI similar to mammals. Although
monoamine oxidase function differs between zebrafish and
mammals, they can closely mimic human functions.['?!

Moreover, zebrafish research allows for the rapid simu-
lation of different genetic epilepsies and seizures, making
them a novel platform for drug screening. Zebrafish are

RIGHTS L1 N Hig

ZHANG ET AL.

suitable for clarifying the origins and progression of dis-
eases.'*Y These characteristics should be fully utilized.
Researchers are also exploiting zebrafish models to better
understand and treat neurodegenerative diseases, leveraging

their advantages to find solutions to
neurodegeneration.!'2%126]
3.3.1 | The welfare of zebrafish in neuroscience

research

Millions of zebrafish are used in scientific research, and
researchers are responsible for ensuring their proper care,
both ethically and legally. As a novel model animal, zebra-
fish have promising prospects with increasing use in disease
modeling. Therefore, the standards of their living conditions
and well-being need further improvement.!'*”) We must also
consider the potential impact of living conditions and other
unknown factors on research outcomes. Related research is
increasingly focusing on these aspects.!'?”! Stress and pain in
zebrafish have been studied since these factors can affect
their well-being. Legal considerations in these areas must be
addressed.!'*"

Under Directive 2010/63/EU, governments should
monitor novel transgenic lines of laboratory animals to
protect them from pain and continuous injury to their
offspring during cultivation.!'*”! Researchers are responsible
for identifying and assessing the degree of pain as mild,
moderate, or severe and establishing humane endpoints to
protect the well-being of zebrafish and prevent their
suffering. Legislation helps to regulate the assessment
criteria. In addition, under Directive 2010/63/EU, all
animal procedures in research must be classified as non-
recovery, mild, moderate, or severe, and referenced exam-
ples are provided to help achieve this classification.!'*” The
professional judgments of veterinarians, institutional animal
ethics committees, and animal welfare bodies are based on
current articles and guidelines for assessing severity.!'*"’
Researchers have helped to define a mutual standard for the
traditional procedure and simplify the classification of new
procedures to prevent situations where the severity is too
ambiguous and increase professionalism in assessing the
well-being of model animals.

Biological research using animal models to explore
novel technologies and drugs is necessary, and improving the
welfare of humans and model animals is vital in such
research. Here, we must ensure that the research follows the
3Rs principle, which is increasingly becoming a central issue
in designing experiments. The welfare of zebrafish is not
only present in physical sensations but also related to social
preference and physiological factors.

The proper practice of placing and caring for zebrafish is
being increasingly discussed. Factors affecting well-being
include appropriate water quality, density, feeding system,
anesthesia method,"*"! providing analgesia, and humane
endpoints.'*?! Researchers have been concerned that a high
density of zebrafish might influence related research.
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However, increasing evidence shows that an enriched rather
than barren tank should be favored because it can reduce
stress and anxiety in zebrafish.['*?) Unlike aggressive male
rodents, zebrafish tend to be raised at higher densities, and
solitude might adversely affect them. These differences
might originate from their natural instincts, and we should
improve their conditions through concrete analysis and
respect for their nature. When housing zebrafish communally
is challenging, a relevant study showed that adding artificial
plants to single-housed zebrafish is better for reducing their
stress.!' ¥

3.4 | Invertebrates

Animal welfare has mainly focused on vertebrate animals,
and the welfare of invertebrate animals remains challenging.
As animal models that have been used for decades,
the nematode Caenorhabditis elegans and the fruit fly
Drosophila melanogaster have the same fundamental cellular
and gene processes.'**! Echinoderms have a specific nervous
system and immune reaction, making them a type of model
animal.!'**! They are widely used in large-scale experiments
due to their high fecundity and low cost. However, they have
apparent disadvantages due to differences in anatomical
structure from humans and lack of brain structures and organs
resembling humans, potentially limiting their utility as
models since they cannot imitate human diseases accu-
rately.['**) The fruit fly is a well-studied and highly tractable
animal for studying the molecular mechanisms of human
diseases. Nearly 75% of human pathogenic genes are believed
to have homologous functions in the fruit fly.!'*”! The specific
invertebrate model animals have potential in exploring drug-
based regenerative medicine therapies.!'*® These small ani-
mals can replace mammals in genetic studies of neurological
diseases such as ALS. However, while it has been concluded
that small animals cannot replace rodent models in every
aspect, they represent a vital asset in preclinical research.!'**!

3.4.1 | The welfare of invertebrates in
neuroscience research

While the debate about whether invertebrate animals can feel
pain is still ongoing, the absence of the perception of pain is
not equal to it not existing. More attention must be given to
the well-being and welfare of invertebrate animals, and
appropriate anesthesia and euthanasia procedures must be
established for them. Assessing indicators of well-being,
such as cortisol level, longevity, feeding rate, and behavior,
is simplified in invertebrate animals. However, assessing and
evaluating their social behavior and psychology is chal-
lenging. In conclusion, assessing the integrity of invertebrate
animal well-being is infeasible. Given their particularities,
invertebrate animal welfare can be assessed based on their
appearance, responsiveness, and simple reactions.!'*”]
Abnormal manifestations in these areas can indicate
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compromised well-being in the animals, and suitable in-
terventions can be made to improve their welfare.

4 | PROGRESS IN ANIMAL WELFARE
IN NEUROSCIENCE

Implementing the 3Rs principle presents significant chal-
lenges, such as accurately simulating human diseases in non-
animal models, which requires extensive interdisciplinary
collaboration to develop and refine innovative methods.
Another major challenge is obtaining regulatory approval
and creating a supportive environment for these new ap-
proaches. There are encouraging trends, especially in inte-
grating advanced technologies such as artificial intelligence
(AI) and machine learning, which are revolutionizing the
prediction of outcomes without animal testing. Additionally,
the development and expansion of in vitro and organ-on-a-
chip technologies are ushering in a new era of simulating
human physiology with remarkable precision, accompanied
by a stronger focus on ethical considerations throughout the
research process. Future research will likely emphasize using
non-animal models to explore complex biological questions
and improving methods to ensure comprehensive animal
welfare.

4.1 | Non-animal model development and
applications

Several application cases and their sources are presented
below, which further showcase the diversity and potential of
non-animal models and how they can provide data more
relevant and accurate to humans. Organ-on-a-chip is a
microfluidic chip technology that recreates human organ
functions using human cells on miniature chips, offering new
avenues for disease modeling, drug screening, and toxicity
testing. This technology is viewed as capable of simulating
biological responses within the human body more accurately
than conventional animal models.'"**) Computer simulation
and mathematical modeling allow complex biological pro-
cesses, disease progression, and drug effects to be simulated
and forecast without using animals. Such technologies hold
immense potential in drug development and toxicology as-
sessments, saving time and costs while enhancing precision
and relevance.'*”) Non-animal models have also been
extensively applied in areas such as drug toxicity and
physiology, including 3D bioprinting, 3D cell cultures, small
invertebrate models (e.g., brine shrimp, fruit flies, wax moth
larvae, and nematodes), and zebrafish.

In 2018, Archer et al. introduced a human 3D cardiac
microtissue model for assessing cardiac pathology changes,
representing a new advance in heart research without relying
on animal models."*") One study highlighted the significant
role of beetles as model organisms in physiology, biomed-
ical, and environmental studies, demonstrating their value in
simulating complex biological processes.'*?! In the same
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/  Type: Organ-on-a-Chip Technology.
1  Application: Disease modeling, drug screening, toxicity testing.
11 * Advancement: More accurate simulation of human biological responses.

V.
/

V4
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* Type: Computer Simulation and Mathematical Modeling.
 Application: Simulating biological processes, disease progression, drug effects.
2011 » Advancement: Enhancing precision and relevance in drug development and toxicology.

* Type: 3D Microtissue Culture Model.

 Application: Assessing cardiac pathology changes.
2018 * Advancement: New advancements in heart research without animal models.

* Type: Small Invertebrate Models — Beetles & Fruit Flies
* Application: Studying physiology, biomedical, environmental processes, toxicology.
* Advancement: Simulating complex biological processes and toxicological impacts.

* Type: Artificial Intelligence model.

| * Application: Forecasting the activity of human brain.
* Advancement: Help to explore human brain function in a rapid way.

FIGURE 2 Summary of non-animal model development and applications in scientific research.

year, research using fruit flies for developmental toxicology
expanded our understanding of toxicological effects during
development.!'**)

These non-animal models are crucial in providing reliable
evidence regarding disease pathophysiology, new drug
screening, and toxicological testing while significantly
reducing the need for mammalian models (Figure 2). By
utilizing these alternative methods, scientists can obtain
critical biomedical information without depending on tradi-
tional animal models, which is crucial for accelerating drug
development and enhancing the ethical standards of research.

4.2 | Human volunteers in neuroscience
research

Further regulations and legislation are required to ensure
animal protection and welfare. Research on neurological
diseases seldom uses humans as experimental subjects to
ensure the safety of humans and adhere to ethical principles.
Therefore, model animals are often used as replacements.
The aim of model animals is mainly to improve the well-
being of humans. Therefore, from a humane perspective,
the welfare of research models should also be considered.
Human disease-related research should always link back
to humans. In scientific research, both healthy volunteers and
patients are needed for monitoring. Healthy volunteers
usually attend for the reaction of the novel technique and as a
control group. Patients are usually used for gene testing and
participate in phase III clinical trials for new drugs. Humans
are still needed as experimental subjects in clinical
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experiments for the research to achieve specific clinical
goals. The most influential and beneficial research for
humans was the Human Genome Project, which has had
widespread and significant effects due to its comprehensive
outcome.'**! For example, geneticists might consider using
human volunteers to assess highly controlled and standard-
ized clinical tests in place of other animals, bacteria, or plant
species.[®®! Although some of the species are very different
from humans, even from mammals, each has its specific
advantages for research, and these models are valuable tools
to increase understanding of nervous system diseases.

4.3 | The development of Al

Understanding of the development of the human brain is still
limited, with its intricate nerve networks making it hard for
researchers to explore its function in a high throughput
manner. The development of Al has enabled research with
repeatable characteristics and massive datasets, which can
partially replace animal research.

The Natural Scenes Dataset comprises thousands of fMRI
images of participants' responses to natural scenes during
continuous recognition tasks.!'*> The researchers trained a
deep neural network model that could ultimately correctly
forecast brain activity. This statistical network model repli-
cates actual brain activity better than any animal model. Ad-
vances in Al could greatly help during the development of
neuroscience and should be given greater attention.

Al is used to emulate human intelligence. It is now being
explored in other aspects of feeling and mimicry to train Al
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TABLE 4 Summary of key reduction strategies in animal research
and their benefits.

Strategy category Approaches Benefits

Efficient Mini-experiment Reduces animal usage by
experimental designs, multi-batch optimizing sample sizes
designs designs and introducing

variability for enhanced
validity and
reproducibility

Reduces the need for
animal testing, offering

Implementation of Non-invasive
non-invasive physiological function

techniques assessment techniques,  reliable data without
non-invasive genetic invasive methods
assessment techniques

Utilization of SEARCH framework for Decreases animal

shared tissue
banks and data
repositories

sharing archived samples research necessity
through collaborative
sample sharing, saving
animals and costs

Abbreviation: SEARCH, Sharing Experimental Animal Resources, Coordinating
Holdings.

models that are especially suited to brain-related research.
One review has introduced some of the statistical models
explored, such as the memory model and visual processing
model..'*®) In the near future, Al should develop to a new
level and contribute to more research. Nowadays, Al models
focus on normal functions. After the basics are established,
these models can be used to simulate brain function with
different diseases, replacing living animal models, which
may achieve the complete replacement aspired to under the
3Rs principle.

4.4 | Impact on research quality and
outcomes

Table 4 summarizes the key strategies for reducing animal
research and their benefits, highlighting how their proper
implementation can enhance the scientific validity and
ethical integrity of research. By minimizing the number of
animals utilized while enhancing the quality of data
collected, research not only becomes more economically
efficient but also ethically robust. Furthermore, circum-
venting the overuse of animals is critical in reducing data
biases induced by stress and other variables, thereby
fostering more reliable and reproducible outcomes.

4.5 | Innovations and ethical considerations
in practicing the 3Rs

The evolution of the 3Rs principle from Russell and Burch's
foundational work in 1959 to today's advanced scientific
landscape showcases a significant shift toward ethical, ac-
curate, and humane research methods. These principles have
driven the adoption of innovative alternatives to animal
testing, such as in vitro models and computational
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simulations, which offer precise insights into human health
while minimizing animal use. The integration of cutting-
edge technologies, including Al and organ-on-a-chip, has
further revolutionized research, enhancing efficiency and
reducing dependency on animal models.

Despite challenges in replicating complex human con-
ditions without animals and securing regulatory approval for
new methods, progress continues. The future promises
further advances in non-animal research techniques, aligning
scientific inquiry with ethical standards. The enduring rele-
vance of the 3Rs principle underscores the scientific com-
munity's commitment to responsible research, balancing
scientific rigor with respect for animal welfare. This review
emphasizes the critical role of the 3Rs principle in promoting
humane research practices, urging ongoing innovation and
ethical vigilance in the pursuit of scientific knowledge.

5 | CONCLUSIONS

In the realm of scientific research, technological advance-
ments have simultaneously illuminated significant chal-
lenges and controversies surrounding the utilization of
model organisms. These organisms play a pivotal role in
enhancing scientific understanding, yet they also evoke
ethical dilemmas that necessitate meticulous consideration.
Neuroscience researchers face a plethora of ethical consid-
erations, which encompass issues related to the treatment of
non-human primates, the complexities of gene editing in
rodents, and the inadequacies of current regulatory standards
pertaining to zebrafish and invertebrates. Society and legal
frameworks underscore the significance of exercising due
care and respect towards these model animals. However,
their welfare is often overlooked, which constitutes a
transgression of ethical principles and undermines both the
credibility and long-term viability of scientific endeavors.

The 3Rs principle, encompassing replacement, reduction,
and refinement, serves as a cornerstone in guiding the
enhancement of animal welfare standards and the progression
of neuroscience research endeavors. Through unwavering
commitment to exploring and incorporating new technologies
and methodologies, we can progressively alleviate our
dependence on experimental animals, fostering a harmonious
equilibrium between scientific endeavors and ethical consid-
erations. This principle embodies not only a profound self-
reflection on the current landscape of animal research prac-
tices, but also a visionary outlook towards the symbiotic
integration of research ethics and animal conservation in the
future. Meanwhile, there is a necessity for innovative
modeling methods to furnish neuroscience research with su-
perior alternatives.
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