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ABSTRACT: In medicine, safety and efficacy are the two pillars on which the implementation of novel treatments rest. To protect the
patient from unnecessary or unsafe treatments, usually, a stringent path of (pre) clinical testing is followed before a treatment is introduced
into routine patient care. However, in reproductive medicine several techniques have been clinically introduced without elaborate preclinical
studies. Moreover, novel reproductive techniques may harbor safety risks not only for the patients undergoing treatment, but also for the off-
spring conceived through these techniques. If preclinical (animal) studies were performed, efficacy and functionality the upper hand. When a
new medically assisted reproduction (MAR) treatment was proven effective (i.e. if it resulted in live birth) the treatment was often rapidly
implemented in the clinic. For IVF, the first study on the long-term health of IVF children was published a decade after its clinical implementa-
tion. In more recent years, prospective follow-up studies have been conducted that provided the opportunity to study the health of large
groups of children derived from different reproductive techniques. Although such studies have indicated differences between children con-
ceived through MAR and children conceived naturally, results are often difficult to interpret due to the observational nature of these studies
(and the associated risk of confounding factors, e.g. subfertility of the parents), differences in definitions of clinical outcome measures, lack of
uniformity in assessment protocols and heterogeneity of the underlying reasons for fertility treatment. With more novel MARs waiting at the
horizon, there is a need for a framework on how to assess safety of novel reproductive techniques in a preclinical (animal) setting before they
are clinically implemented. In this article, we provide a blueprint for preclinical testing of safety and health of offspring generated by novel
MARs using a mouse model involving an array of tests that comprise the entire lifespan. We urge scientists to perform the proposed extensive
preclinical tests for novel reproductive techniques with the goal to acquire knowledge on efficacy and the possible health effects of to-be
implemented reproductive techniques to safeguard quality of novel MARs.
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Introduction
Since the birth of Louise Brown in 1978, many medically assisted
reproduction (MAR) treatments have been introduced into clinical

care, including IVF (Steptoe and Edwards, 1978), ICSI (Palermo et al.,
1992) and use of sperm collected through testicular sperm extraction
(TESE) (Craft et al., 1993; Devroey et al., 1995). Even though at that
time fundamental studies had been performed that suggested that
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IVF may be effective to treat subfertility patients (Biggers, 2012), fertil-
ization outside of the human body was initially a matter of intense
debate among scientists, the media and the general public. People
were concerned about the consequences of these treatments both on
scientific, religious and moral grounds. One of the major concerns was
the health of the individuals conceived in vitro. Renowned scientists
feared for children born with severe malformations (Ramsey, 1972a,
b; Marantz Henig, 2004) and urged for more safety studies prior to
clinical application of IVF. But since Louise Brown was born healthy,
concerns about the safety of IVF faded away quickly. Hitherto, accept-
ance of more refined MAR techniques, including ICSI and TESE in the
following years occurred with less societal upheaval, and more import-
antly, without preclinical safety testing.
As defined by Harper et al. (2012), ‘every procedure involving appli-

cation to the human body should be defined as experimental until
adequate scientific evidence is provided regarding its safety and effi-
cacy’. In our opinion, novel reproductive technologies should be no
exception to this, especially since they might not only affect the
patient, but the offspring and grand-offspring too (Barker, 2004;
Daxinger andWhitelaw, 2012a; Van Otterdijk and Michels, 2016).
Despite the increasing use of MAR, knowledge about long-term

effects of MAR in the parent, offspring or even grand-offspring is lim-
ited. Health consequences in MAR-derived offspring are primarily
studied in retrospect, i.e. often many years after implementation of the
treatment into clinical care. The first long-term health study on the
health of IVF children was published 12 years after its clinical imple-
mentation (Morin et al., 1989). Since the first study, many papers have
been published describing effects of IVF on the offspring. Although chil-
dren conceived through MAR are predominantly healthy (Hart and
Norman, 2013a, b), there is also evidence of an increased risk of con-
genital abnormalities (Rimm et al., 2004; Davies et al., 2012; Wen
et al., 2012; Hansen et al., 2013), low birthweight (Schieve et al., 2002;
Helmerhorst et al., 2004; Jackson et al., 2004; Dumoulin et al., 2010;
Kleijkers et al., 2016), growth and developmental deviations (Koivurova
et al., 2003; Kai et al., 2006; Ceelen et al., 2009) and increased levels of
cardiovascular and metabolic markers later in life (Ceelen et al., 2008,
2009; Sakka et al., 2010; Hart and Norman, 2013b). This could suggest
that IVF children are at increased risk of developing cardiovascular and
metabolic diseases. Due to their relevatively young age such effects have
not been assessed in humans. However, animal models have not only
shown that IVF significantly reduced lifespan in mice exposed to a high fat
diet (Rexhaj et al., 2013), but also that this procedure induces significant
epigenetic modifications that can have developmental and metabolic
effects on the offspring (Mahsoudi et al., 2007; Chen et al., 2014; Feuer
and Rinaudo, 2017). Despite the important findings in these studies,
interpretation of the overall effect is often complex due to the use of
various methods to perform IVF, missing controls and various clinical
definitions of outcome measures (e.g. birth defects). Moreover, data on
the health effects of MAR-derived offspring are not collected uniformly,
since standard protocols are lacking (Fauser et al., 2014).
In the light of the present data on the health of IVF children it is

remarkable that preclinical (animal) testing is not standard in the field
of reproductive medicine. Without doubt, the aim of all fertility clinics
is to provide a safe way for prospective parents to have a healthy child.
However, we cannot neglect that MAR has become part of huge com-
mercial market worldwide where most treatments are performed in

the private sector, which is dependent on economic competition.
Subfertile patients are willing to undergo invasive, burdensome treat-
ments to have a biologically own child, even if the safety of these treat-
ments is unknown. In many cases, if a treatment is not offered or is
illegal in the patients’ home country, they travel across borders to
obtain medical help in conceiving (McKelvey et al., 2009; Shenfield
et al., 2010). Moreover, the desire for a child of their own sometimes
exceeds the desire for a healthy child (Hendriks et al., 2014).
Ultimately, fertility clinics may perceive the pressure to deliver high
success rates and to offer state-of-the art techniques, even when these
may not have been validated properly. And since preclinical testing is
not required for novel MAR, clinicians and scientists are not obliged to
perform costly, but critical preclinical tests.
Currently, more elaborate MAR are being developed, including the

creation of artificial gametes through induced pluripotent stem cells
and the genetic manipulation of embryos. Although there is indeed
broad consensus on the need to conduct preclinical safety studies, a
framework on how this should be done for MARs is currently lacking.
Hence, there is an urgent need for standardized methodologies that
help researchers to perform health assessment of the MAR offspring
besides proof-of-concept for therapeutic effect (Hyun et al., 2008;
Freedman and Inglese, 2014) before clinical implementation.
In our opinion, systematic safety testing prior to introducing a novel

MAR technology into clinical care should be the standard. An ideal
paradigm for hypothesis-driven research has been proposed earlier
(Harper et al., 2012), starting with fundamental research where the
physiology and development of gametes and embryos is scrutinized,
which in many cases precedes the initial idea of a novel technique.
Once an idea of a novel technique has been spurred, a series of life-
long experiments involving animals, including small rodents and prefer-
ably also larger animals, should follow after which the technique may
be tested in human gametes or embryos donated for research. If
results are promising a small scale clinical study should precede a large
multi-center clinical study. These studies are prospective in nature and
include long-term follow-up of the children derived from this novel
MAR. In the end clinical and cost-effectiveness should be assessed.
In this paper we provide a blueprint for systematically studying the

health of MAR-derived offspring in a systematic and hypothesis-driven
experimental design. We specifically propose a series of experiments
in mouse that may help to predict the safety of novel MAR technolo-
gies after clinical application in humans.

Themouse as a practical model
to assess health in MAR offspring
For now, it is still not possible to study the general health of MAR-
derived offspring in vitro before clinical implementation, because it
requires actual reproduction which is only feasible in vivo and an alter-
native is not available. To translate optimally the findings from preclin-
ical safety and efficacy studies of new MARs to humans, animal with
corresponding physiological resemblance would be preferable to min-
imize possible species-specific effects. After all, no animal model can
fully recapitulate the anatomy and physiology of a human being. However,
one can attempt to make the translation from animal to human as straight-
forward as possible.
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Non-human primate models show the highest genetic similarity to
man, with a genetic divergence of a mere 1–3% in chimpanzees, gorilla
and orangutan (Chen and Li, 2001). Due to their high similarity with
human (i.e. cognitive, biological and physiological developments), it is
unethical and forbidden under EU legislation (Directive 2010/63/EU)
to work with these animals for research purposes. Other non-human
primates can be used for proof-of principle studies (Schlatt et al., 1999;
Hermann et al., 2012). However, due to their relatively long lifespan
and low availability, studies of long-term consequences of new MARs
in other non-human primates as well as large domestic animals would
require long study periods covering sometimes even decades (Boerjan
et al., 2000; Ceelen and Vermeiden, 2001; Vodička et al., 2005; Zheng
et al., 2014; Lorenzen et al., 2015).
Because of their relatively short lifespan and their high reproduction

rates, rodents are the most practical animal model for transgenera-
tional studies, specifically small rodents such as mice. The mouse
shows a low genetic divergence of ~10% when compared to humans
(Waterston et al., 2002). The genetic similarity of inbred mice is of
value for easier interpretation of experimental data, thereby decreas-
ing variability in the results and reducing the number of animals
required. Besides the scientific benefits, the mouse, as an animal model
for man, enables the study of age-related diseases in a relatively short
period of time, demands low maintenance costs and has balanced eth-
ical arguments (Santulli et al., 2015). Moreover, since the sexual matur-
ity of the mouse is reached at the age of 6–8 weeks, it allows for a

transgenerational study design in a relative short time span, which
makes it less time consuming when assessing health of MAR-derived
offspring. Therefore, we suggest the use of a mouse model as a first
step in preclinical MAR research.

Important stages of life
In general, the average lifespan of a mouse is 18–24 months depending
on the strain, while the mean life expectancy of a human being is cur-
rently 71 years (World Health Organization, 2016). It has been calcu-
lated that 1 human year would be comparable with 9 mouse days,
however, one must consider the relative pace in which the organism
develops (Dutta and Sengupta, 2016). It has been estimated that in the
first month, a mouse matures 150 times faster than a human being,
therefore a mouse of 28 days is comparable to a child of 11.5 years of
age (The Jackson Laboratory, 2017). For this procedure, we have
divided life in two stages, child development (day of birth up to 28
days of age) and adulthood (3–18 months of age) (Fig. 1). The trans-
ition from childhood to adulthood is marked as the ability to repro-
duce. Development and health assessment tests are performed in
these two stages, including a histopathological health assessment at 18
months, which is comparable to the health status of a 56-year-old
human being (The Jackson Laboratory, 2017). Even though 56 years of
human age had been suggested just to be the onset of ageing, we
would recommend not to prolong beyond this age of the test animals,

Figure 1 Physiological tests in a timeline from birth to death in mouse versus human lifespan. The two life stages are child development and adult-
hood. Each stage includes examples of physiological tests with higher relevance according to the age period. The life cycle of a mouse is depicted in red
and human in blue and the corresponding ages between the two species are presented below the illustrations for each stage. The extensive study of dif-
ferent developmental stages in mouse allows for the investigation of age-related developmental and metabolic disorders in human. (Images are adapted
from Servier Medical Art by Servier (http://smart.servier.com/) and modified by the authors under the following terms: CREATIVE COMMONS
Attribution 3.0 Unported (CC BY 3.0).)
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due to a rapid increase in age-related discomfort in the animals. By
performing this series of tests we are able to assess health throughout
the entire life-span, which will help us to predict the health status of
future MAR-derived children.

Assessing childhood health and
development in a mousemodel

Litter characteristics
To investigate the effects of novel MAR procedures on the offspring,
testing should be performed to identify physical and behavioral devia-
tions in the neonates (van der Meer et al., 2001; Turgeon and
Meloche, 2009). Once pups are born, the litter should be analyzed
immediately to establish general parameters including litter size, num-
ber of live births, birth weight and length and congenital anomalies.
These could include grossly visible anomalies, including limb defects,
alterations in body shape or position. Congenital anomalies may be
immediately apparent at birth, including spina bifida, microcephaly and
orofacial clefting. However, one must keep in mind that many other
anomalies will not be visible at the day of birth and will present at a
later stage of development. Typically, congenital heart defects present
when oxygen levels lowered, resulting in cyanosis of the animal (van
der Meer et al., 2001; Hood, 2005; Turgeon and Meloche, 2009),
therefore, later testing for congenital anomalies is advised.
When analyzing congenital anomalies it is important to take still-

births and perinatal deaths into account. However, perinatal death is
quite common in mouse breeding and it is known that the mother is
prone to cannibalize the cadavers of the pups, thereby leaving the
researcher unaware of the existence of these newborns. This makes it
difficult to parse out whether pups are stillborn, die because of con-
genital disease or were subjected to infanticide (active killing by the
mother) (Weber et al., 2013). To reduce stress to the mother and the
litter new gloves should be used while handling the animals (and switch
between litters) while some pups are left with the dam when the tests
are being performed, preferably out of the vicinity of the cage. In this

light, documenting litter size is of paramount importance, since a
decreased litter size may suggest an increased fetal resorption, stillbirths
or congenital anomalies. This argues again for immediate analyses once
the pups are born and we would advise to store deceased pups at 4°C
for necropsy (Hood, 2005). Importantly, subjective litter effects can be
observed, which will have a great effect in the results and account for
variation in the data (Lazic and Essioux, 2013). Experimental design can
be further improved taking into account statistical approaches that deal
with litter-to-litter variations (Lazic and Essioux, 2013).

Physical development
A well-designed follow-up during the first 4 weeks of life for each indi-
vidual newborn mouse is crucial to assess childhood development.
During these first 28 days of life, multiple developmental milestones
can be checked to investigate physical development and general
behavior of the pups. A delay in acquiring pivotal physical landmarks
during neonatal life suggests a delay in development (Hood, 2005).
These physical landmarks include, amongst others, date of opening
eyes and ears, fur growth and incisor eruption. Weight and length are
monitored to allow comparison to a standard weight curve. In wild-
type naturally conceived animals, the mouse is born naked with closed
ears and eyes. Between Days 2 and 4 hair starts to appear, between
Days 13 and 14 the ears open, and between Days 14 and 15 the eyes
also open (van der Meer et al., 1999, 2001). Around Day 16, when the
eyes are completely functional, the pups will begin to eat solid food
but nursing can continue for 1 more week. After 3 weeks of age the
pups resemble an adult mouse except for their size and differentiation
of the sexual organs (Silver, 1995).
When assessing development of MAR-derived offspring on the men-

tioned aspects, specific time periods for testing are suggested based
on time intervals empirically determined from wildtype offspring. The
pups originated from MARs techniques may develop these landmarks
sooner or later than the control pups. Based on a pilot experiment,
we suggest the following time intervals and frequency of these tests
opening of eyes (Days 10–17); opening of ears (Days 10–17); hair

Figure 2 Planning of neonatal tests in developing mice. Schematic representation of multiple morphological evaluations and reflex-ontogeny tests
that can be performed in mice between 1 and 28 days of age. The dashed line corresponds to intermittent weight and length measurements while the
full lines indicates continued analyses.
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growth (Days 4–14); tooth development (Days 8–13); and periodic
weighting and length measurements (every 3 days during the first 28
days) (Fig. 2).

Functional development
Mice and humans are both altricial species with significant neonatal
ontogenetic landmarks of the nervous system. Therefore neurodeve-
lopmental disorders in human, such as growth restriction and delays in
the appearance of developmental milestones, can be a modeled in the
mouse (Hill et al., 2008). We propose that therapeutic and transla-
tional safety of new MAR techniques in human infants are assessed
with functional neurodevelopmental outcomes of the neonatal mice
derived from MAR. The animals can be subjected to a number of
reflex-tests that help to determine the reflex-ontogeny and partial
behavioral development of the mice, e.g. righting reflex, grasp reflex,
negative geotaxis (van der Meer et al., 1999; Hood, 2005; Feather-
Schussler and Ferguson, 2016). The tests begin before the onset of the
developmental landmark in wildtype and continue daily until each ani-
mal in the litter meets the criterion (Fig. 2). For each day of testing, the
results are presented in sequential levels evaluating their response in
each test: 0 (behavior or response is absent), 1 (primitive response), 2
(a clear but not yet mature response) or 3 (a mature and full response
in all aspects of execution such as coordination or strength) (van der
Meer et al., 1999). Ultimately, in a well-powered experiment (see
Methodology issues) the means are compared to identify potential
statistically significant differences between the tested MAR and natur-
ally conceived animals.
Based on our experience and that of others, we propose the inclu-

sion of the surface righting reflex from Days 4 to 13, which is the ability
of regaining the normal position after the mouse pup is placed on its
back (Feather-Schussler and Ferguson, 2016). The ideal response is
when the animal rights itself immediately demonstrating labyrinthine
reflexes and complex coordinated action involving muscles in the
neck, trunk and limbs. (van der Meer et al., 1999; Heyser, 2004;
Hood, 2005; Hill et al., 2008) and can be compared to the skills
needed for a human infant to roll over. Motor coordination and laby-
rinthine reflexes can also be assessed with the negative geotaxis reflex
test in young pups from Days 9 to 21 (Fig. 2). Mice are placed in a
slope facing downwards and a delayed or failed response to turn
upwards could indicate deficits in coordination, balance or vestibular
input (van der Meer et al., 1999, 2001; Hill et al., 2008; Ferguson and
Bailey, 2013). Between Days 8 and 21 (Fig. 2) we suggest the grasping
test that evaluates fine motor skills of the mice (van der Meer et al.,
1999). This reflex appears in humans at birth and disappears around
5–6 months of age. Grasping deficits indicate impairment of the ner-
vous system (Feather-Schussler and Ferguson, 2016) and therefore are
essential to take into account.

Assessing health during
adulthood in a mousemodel

Fertility
During adulthood, fertility via natural mating should be tested when
MAR-derived animals (F1) reach the breeding age to create an F2 gen-
eration. Depending on the studied MAR, a third generation (F3) should

be created in order to find true transgenerational effects (Daxinger
and Whitelaw, 2012b). This is because in the case of exposures of ges-
tating mothers (F0), the fetus (F1) and its embryonic developing germ-
line (F2) are also exposed. Therefore, a third generation is required to
find the phenotypic effects of transgenerational persistent inheritance
(Van Otterdijk and Michels, 2016). However, exposures to male or
female gametes (F0) (before gestation) directly affect the F1 gener-
ation, so a second generation is sufficient to assess transgenerational
persistent effects. Health assessment of the F2 and F3 generations
again involves assessment of health and development of childhood and
adulthood (Fig. 1). Selection of breeding animals from each litter (F1)
should be at random when no significant differences are observed in
physical traits between the litter mates (OECD, 2001). If there are sys-
tematic differences between the littermates we suggest the use of
stratified randomization of the animals (see Methodology) to avoid
allocation bias that could influence the outcome in the different treat-
ment groups (Kao et al., 2008).

Behavior and learning
Behavioral testing may be a valuable asset to acquire knowledge on
stress, depression, learning and memory. For example spatial learning
can be assessed using the Water Morris maze in mice (D’Hooge and
De Deyn, 2001; Barnhart et al., 2015). However, since it is known that
the performance of the mice in behavioral tests is dependent on their
strain, careful experimental design and local expertise is imperative
(Upchurch and Wehner, 1988; Moy et al., 2007).

Cardiovascular and metabolic assessment
As the mice reach adulthood (Fig. 1), metabolic analyses as well as car-
diovascular risk factors are obviously more significant. There is evi-
dence that the IVF procedure induces increased risk of hypertension
and diabetes in mice (Watkins et al., 2007; Rexhaj et al., 2013) and
there is a growing body of evidence in humans suggesting that blood
pressure is increased, glucose tolerance is reduced and insulin resist-
ance increased (Ceelen et al., 2008, 2009; Sakka et al., 2010; Hart and
Norman, 2013b). Therefore, during adulthood, metabolic tests should
be performed to assess the effect of MAR technologies on the origi-
nated offspring. These tests can among others include investigation of
body fluids (blood, saliva, urine, feces), blood pressure analysis, glu-
cose tolerance test and insulin resistance, weight and food intake,
body composition and physical activity (Fig. 1). Since non-invasive
scanning procedures, like MRI, are becoming available for animal sci-
ence as well, one could opt for scanning of various organs including
brain at various ages.

General macro and histopathological
analyses
Ultimately, in this mouse model, parents and offspring should be ana-
tomically examined post-mortem, and bodily fluids and organs col-
lected for pathological analyses and compared to natural conceived
animals. By performing a comprehensive necropsy, one is able to iden-
tify diseases that are not directly apparent in the animal, including
malignant or benign growths. We would advise to perform this nec-
ropsy at a fixed age, as it allows for direct comparison between MAR-
derived animals and controls, without having to correct for age. The
necropsy can be viewed as a final evaluation of health. Analyses can
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include life span, cancer incidence and general macro- and histopatho-
logical examination (Mulder et al., 2018).

Methodology
As in any experiment or (clinical) trial, proper experimental design is the
key to a successful study. Especially in preclinical translational animal stud-
ies it is of paramount importance to create a solid foundation to one’s
experiment and mimic the intended clinical therapy as closely as possible
taking into account the development in time and potential clinical relevant
artefact of the model and the method used with correct controls.

Power calculation
In general, we recommend a pilot study to gain more knowledge on effect
sizes. In some cases, it may be acceptable to perform elaborate literature
review to acquire this information, although we do recommend a pilot
study if practically feasible. Knowledge gained from a pilot animal study
helps to perform a proper power calculation to determine the sample size,
which will not only facilitate the ability to draw conclusions, but is (or
should be) often required for ethical approval of animal experiments. This
process will help to assess the feasibility of the reproductive technique of
choice, optimize the technique and to gain more knowledge on important
statistical parameters. Of course one has to also determine the primary
outcome of the study in order to be able to perform any power calcula-
tion. We would advise to always consult a biostatistician when to choose
the most suitable primary outcome (Festing and Altman, 2002).
Stratification methods should be applied when factors such as gender,
weight and age are expected to affect these outcomes (Indrayan and Holt,
2016).

Control group
From our experience, many factors influence both the feasibility and out-
come of a study. Firstly, the choice of proper control groups is essential to
a well-designed experiment. A control breeding line, originating from
breeding couples with identical strain, age, diet and housing conditions,
allows for accurate comparison of the MAR with control natural concep-
tion. Depending on the research question other control groups are sens-
ible. For instance, when assessing an adaptation to an IVF protocol we
would recommend to always include a standard IVF control group, or if a
new technique requires IVF the control group should also be derived via
IVF and not natural conception. Practically, we urge other researchers to
perform all tests in parallel and within a similar timeframe as for the experi-
mental group. We do not recommend to rely only on literature based ref-
erence values, as important testing parameters might be influenced by
subtle variations in environmental conditions such as housing or food com-
position (Smith et al., 2016).

Double blind assessment
Randomization and blinding are of key importance to provide unbiased
results. The experiments should be designed to enable blinded analyses to
minimize selection and observer bias during the experiments and upon
outcome assessment. Additionally, random allocation of the animals to an
experimental group and/or randomization of the outcome assessment
reduces confounding (Macleod et al., 2015). Another general concern that
should be considered includes reporting the characteristics of the study,
which are described here in Methodology, preferably following the
ARRIVE guidelines (Kilkenny et al., 2010).

Mouse strain
The choice of mouse strain can greatly influence the feasibility of a model.
Since Dr Clarence Cook Little began inbreeding of wildtype mice in 1909,
a vast array of mouse strains have been developed, C57BL/6 being the
most widely used in science and the first to have its genome sequenced
(Waterston et al., 2002). However, many genetic variants exist between
inbred strains. A comparative analysis of the genomes of 17 widely used
inbred strains revealed many functional variants (Keane et al., 2011).
Moreover, fertility associated differences exists between inbred mouse
strains (Braden, 1959; Shire and Bartke, 1972). The strain of mice used can
depend on the animal model that is best suited for the specific MAR being
tested. Phenotypic research on mouse models should be performed during
design of the experimental to account for the differences between strains
(https://phenome.jax.org/). Therefore, it is of importance to choose the
mouse strain with care by performing a literature search and preferably a
pilot study prior to initiating the project.

Breeding
Depending on the MAR technique that is being tested, breeding can be
done in timed mating or via continuous mating. Through timed mating one
can calculate the time of gestation and monitor the fetal growth during
pregnancy. Timed pregnancy can involve embryo transfer or over-night
breeding while the female is in oestrus. In the case of embryo transfer it is
of importance to transfer an equal number of embryos to the left and right
uterine horns. Precise recording of this will help to identify reduced litter
size. When opting for continuous mating, where the male and female are
always together, timed pregnancy is not feasible. In the latter case, it is
important that the male is separated from the female before she gives
birth. This will prevent a back-to-back pregnancy, which is suggested to be
associated with decreased health of both litters because of undernutrition
(van Zutphen et al., 2001). For identification and proper follow-up per indi-
vidual animal, newborns can be tattooed on the day of birth by an intrader-
mal injection of India ink in the palms of the paws (Hood, 2005). At 15
days of age it is allowed to permanently identify the animals through an
earcut.

Optimized reproductive performance
The procedures should be designed to optimize reproductive performance
to obtain the required number of offspring and to reduce variability in neo-
natal testing. More specifically, environmental factors can greatly affect the
robustness of specific parts of health assessment. Experimental refinement
may involve having a 14 h light period and the inclusion of reversed day/
night cycle in order to perform tests during the dark period when the mice
are active (Roedel et al., 2006; Pritchett and Taft, 2007). The set of experi-
ments that we propose explores behavioral responses and morphological
development of the mice, therefore stress and discomfort may introduce
variability in the experimental results (Lupien et al., 2009). In addition,
housing can influence the behavior of mice, as the use of individually venti-
lated cages (IVC) has been shown to have behavioral effects in C57BL/6J
mice, such as anxiety-like effects (Logge et al., 2013). Moreover, it was
demonstrated that housing in IVC racks slightly reduces the number of
pups per female in DBA/2 mice when compared to conventional open
racks (Tsai et al., 2003) which is a crucial parameter in assessing adverse
effect of MARs.

Experimental planning
Ultimately, we urge researchers to design the experiments thoroughly,
adhering to the 3R’s (replacement, reduction, refinement) principles of ani-
mal welfare. For the time being, the use of animals is our sole option when
studying the health of MAR-derived offspring, since offspring cannot be
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produced without actual reproduction. However, by performing pilot
studies and having a thorough design of the experimental settings (correct
animal model, accounting for environmental conditions, blinding, random-
ization, correct use of control groups, etc.) one can reduce the number of
animals required while decreasing variation in the results. The National
Center for the Replacement, Refinement and Reduction of Animals in
Research (NC3Rs) developed a helpful free online tool to design preclin-
ical studies: the Experimental Design Assistant (EDA) (https://eda.nc3rs.
org.uk/) (Percie du Sert et al., 2017).

Translation of animal health assessment to
clinical care
The ultimate and primary goal of this set of experiments is to predict the
health status of offspring derived from novel MAR. We urge researchers
to publish their findings in peer-reviewed open access journals, whether
they point out health risks or not. And if health risks are found, it remains
to be decided if these risks are acceptable in order to proceed to clinical
trials.

In our opinion, preclinical animal safety testing should be a prerequisite
for obtaining ethical approval for a Phase I clinical trial. The use of well-
designed animal models is of great importance for the reproductive field as
animal research will give us the information we need to proceed with con-
fidence towards clinical trials. The verdict whether a MAR can be intro-
duced should be reached by an (inter)national ethical committee, as these
decisions require a balanced opinion of, amongst others, scientists, policy
makers and ethicists (Hendriks et al., 2018).

Preclinical animal research in general is used to identify health risks of a
novel treatment, however, true health effects in human remain to be iden-
tified in human beings. Therefore, prospective follow-up of the treated
parent and children from a novel MAR is key to verify safety in human.

Of course, besides assuring safety of novel therapies, this type of
research has a high scientific value as well. During this set of experiments a
vast amount of tissues and cell types are harvested, which can aid to
unravel underlying mechanisms. Additionally, this blueprint also allows to
study if exposures of the parents germline have prejudicial effects on the
unexposed offspring (F2 or F3, depending on the therapy) by transgenera-
tional inheritance (Daxinger and Whitelaw, 2012a; Van Otterdijk and
Michels, 2016). For this purpose, we recommend that tissue or cell types
from the three germ layers are acquired. After death, sperm can be iso-
lated from the epididymis and follicles collected from the ovary to study as
a proxy for the next generation.

Concluding remarks
In this article, we present a blueprint to encourage researchers to pur-
sue preclinical testing of safety of newly developed MAR technologies.
Using an animal model such as the mouse allows for a lifelong study of
the health of MAR-derived offspring in a relative short period, in which
multiple stages of development are included. Periodic tests in each life-
stage can be adapted for a variety of outcomes and the tissues of inter-
est can be used for histopathologic examinations and multiple omics
analyses. Moreover, the mouse model enables the efficient study of
multiple generations which is required to investigate the potential of
inheritance of transgenerational effects of newly developed MARs,
before going for clinical implementation. Given the contradictory lit-
erature on the effects of MAR currently used in the clinic in retrospect,
the preclinical assessment of novel MAR techniques on inbred mice
without a pathological reproductive background is in our opinion
imperative.
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