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Preface

Developmental toxicity is defined as the study of adverse effects on the developing organism
that may result from exposure to drugs/chemicals prior to conception (either parent),
during prenatal development, or postnatally to the time of sexual maturation.

The thalidomide disaster is widely believed to be the catalyst that promoted regulatory
agencies around the world, including the US FDA, to initiate requirements for new drugs to
be thoroughly tested in animals prior to being sold in the marketplace.

At that time, developmental toxicity studies conducted in animals were inappropriately
designed and insufficient to detect a teratogenic signal.

We currently rely on animal testing to predict the potential for drugs or chemicals to
cause developmental toxicity in humans. Rodents (rats and mice) and rabbits are the most
relevant species used in developmental toxicity testing, dogs and minipigs are rarely used,
and nonhuman primates may be used for biologics, especially for monoclonal antibodies.

Manifestation of developmental and reproductive toxicity may include adverse effects on
onset of puberty, gamete production and transport, reproductive cycle normality, sexual
behavior, fertility, gestation, parturition, lactation, structural abnormalities, premature
reproductive senescence, and modifications of other functions that are dependent on the
integrity of the reproductive systems.

Evaluation of developmental and reproductive toxicology endpoints is an integral part
of the safety assessment process for compounds with potential use in women of childbearing
age or females that might be exposed during pregnancy as well as men of reproductive
potential.

This volume covers metabolism and drug-drug interactions during pregnancy, critical
periods of developmental toxicology, in vivo and alternative methods to assess potential
developmental toxicity for drugs and chemicals, and effects of chemicals on testes and
mammary glands. The in vivo assessments are guideline-driven and are required for sub-
missions for product approval.

On the other hand, alternative methods for developmental toxicity testing have been
sought because of the pressure to reduce the number of animals used in health research.
Alternative in vitro methods include cell cultures, zebra fish, c-elegans, organ cultures, and
embryo cultures and embryonic stem cells. These test systems can provide invaluable
information and decrease the number of animals used in studies. The design of in vitro
alternatives with good predictivity of in vivo effects is challenging, as embryo-fetal develop-
ment is a continuous process of a precisely orchestrated sequence of events and any alterna-
tive assay in the field of developmental toxicity represents only part of the complexity of the
whole developing conceptus and its maternal environment. Currently, the alternative meth-
ods are not used for regulatory submissions but mainly for screening and mechanistic
studies.

Finally, I would like to thank all the authors/coauthors for their hard work and timely
contributions. Likewise, I would like to extend my sincerest thanks and appreciation to
David Casey and the entire Springer publishing team who worked tirelessly in the publica-
tion of this volume.

Mattawan, MI, USA Ali S. Faqi
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Metabolism and Drug-Drug Interaction in Pregnant
Mother/Placenta/Fetus

Ali S. Faqi and Karsten A. Holm

Abstract

The pregnant woman and the presence of the fetus pose many challenges for proper and effective drug
administration. The variety of physiological changes that takes place during pregnancy coupled together
with the variety in the responses of the cytochrome P450 enzymes in terms of induction and inhibition as
well as the presence of polymorphic forms which may be present and the influence of the drug transporters
make predicting the pharmacokinetics and pharmacodynamics of any given drug difficult. Treatment and
dosage during pregnancy and lactation with drugs such as antibiotics, antivirals, antiepileptic, anticancer,
and antipsychotic medications all need to be evaluated carefully to minimize the occurrence of adverse
effects due to possible excessive exposure or a lack of efficacy due to possible underexposure. In addition, as
more literature data becomes available about the role of efflux transporters such as Pgp, BCRP, and MRP3
and uptake transporters OCT3 and OCTNI in pregnancy and in the fetus with prescribed medications this
information will need to be used in the evaluation. Therefore, for drugs with a narrow therapeutic window
or those with marked pharmacologic or toxicological outcomes that are also cleared predominantly by a
single CYP450 or handled by a single transporter, the need for systemic monitoring of plasma concentra-
tion to monitor exposure is warranted, at least during the initial days of starting a medication.

Keywords: Drug—drug interaction, Drug disposition, Pregnancy, Lactation

1 Introduction

Sixty-five percent of pregnant women in the USA take one or more
drugs during their pregnancy. This does not include dietary supple-
ments or vitamins [1].

During pregnancy the effect of drugs may very differently due
to several pregnancy-induced changes in drug disposition thus
making the efficacy and toxicity of drugs used by pregnant
women difficult to predict. Two factors influencing both drug
efficacy and disposition are the drug-metabolizing enzymes and
drug transporters. Among the more influential drug-metabolizing
enzymes are the enzymes of the cytochrome P450 family
(CYP450s) as these enzymes are centrally involved in the disposi-
tion of the majority of drugs, they exist in many genetic variations
and are regulated by multiple mechanisms allowing for their induc-
tion and /or inhibition.
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In vivo studies have shown that the activity of several hepatic
cytochrome P450 enzymes, such as CYP2D6 and CYP3A4, is
increased during pregnancy, whereas the activity of others, such as
CYP1A2, is decreased. Likewise, the activity of some renal trans-
porters, including organic cation transporter and P-glycoprotein,
appears to be increased during pregnancy [2].

The multiple forms of the CYP450s and their activities have
been described in detail in numerous reports and reviews [ 3-5] and
are touched on briefly in this chapter. The drug transporters are a
newer area of intense research into the complexity of factors influ-
encing drug pharmacology and disposition due to their integral
role in drug absorption, exposure, elimination and thus an addi-
tional source of drug-drug interactions. The pharmacokinetic
changes due to genetic polymorphisms and drug—drug interactions
involving transporters can often have a direct impact on the thera-
peutic safety and efficacy of many important drugs [6]. The trans-
porters studied and described to date are primarily from the major
organs involved in drug uptake and disposition such as the GI tract,
liver, kidney, and brain as described by Borst et al. [7].

The P450 metabolic pathways through their actions on
drugs, endogenous compounds and concomitantly administered
medications are a major source of drug-drug, drug-—diet, and
drug—disease/condition interactions; consequently, functional
variability in this complex system can have pronounced conse-
quences in suboptimal therapeutic response or enhanced toxicity
[8]. The regulation of the numerous CYP450s is becoming
better understood as research in this area continues. The genetic
factors and physiological processes controlling CYP450 levels and
their induction/inhibition properties are well documented [9].
Additionally, the effects of various nutritional and a disease state
such as fasting, diabetes, malnutrition, and alcohol abuse on these
systems has been examined and the changes in CYP450s have been
discussed [8].

However, there is not much information available about
changes in the CYP450s and transporter systems during pregnancy
and lactation in the human female as this is an area of more recent
investigation and just beginning to be understood. Understanding
the physiological and biochemical factors that change in the
human female during pregnancy and how they influence pharma-
cokinetic factors, the CYP450s and transporters is important as
medication during pregnancy is common, but specific information
about the changes in how these medicines are processed as a
result of pregnancy or what the drug exposure is to the mother,
placenta, and fetus is not fully known or understood. An accurate
understanding of the pharmacokinetics and metabolism of
drugs during pregnancy is essential for the safe and optimal drug
therapy for the mother and fetus, thus, it is important to have a full
understanding of how pregnancy influences drug disposition



Metabolism and Drug-Drug Interaction in Pregnant Mother/Placenta/Fetus 3

1.1 Drug Disposition
Changes During
Pregnancy and
Lactation

factors for better therapeutic outcomes and better predictions of
the pharmacokinetic changes of drugs and their effects in pregnant
women as well as the fetus. This will allow better prediction of
pharmacokinetic changes of drugs in pregnant women. Therefore,
the goal of this review is to present what is known about these
enzyme and transporter systems and how they change in women
during pregnancy and lactation, in the placenta and in the fetus. In
addition, the review also discusses any known drug—drug interac-
tions in the pregnant mother/placenta and the fetus.

The pharmacokinetics of various drugs may be profoundly altered
during different stages of pregnancy, parturition, and lactation due
to numerous physiological and biochemical changes that takes
place during pregnancy. During pregnancy the physiological
changes include plasma volume expansion and increases in extra-
cellular fluid space and total body water; decreased plasma albumin
concentration; a compensated respiratory alkalosis; increased car-
diac output with regional blood flow changes; increased renal
blood flow associated with increased glomerular filtration; changes
in hepatic drug-metabolizing enzymes; and reduction in intestinal
motility, increased glomerular filtration rate, and reduced plasma
albumin concentration [10]. The increases in plasma volume and
total body water may increase the volume of distribution and
thereby increase the dose requirements that are necessary to sustain
therapeutic drug levels [11].

These changes begin in early gestation but are most pro-
nounced in the third trimester of pregnancy. More maternal physi-
ologic changes occur intrapartum with some normalizing
themselves within 24 h of delivery, while others are more prolonged
only returning to normal some 12 weeks postpartum [12]. All these
changes modify drug distribution, metabolism, and elimination. As
a result, the exposure and disposition of many medicines may be
altered during pregnancy and the resulting clinical efficacy and
toxicity of these drugs can be difficult to predict or can lead to
serious side effects. An increase in body weight during pregnancy
may result in a decrease in dose per kilogram and thus a potential
for a significant lowering of a drug’s steady state concentration and
thus possible suboptimal treatment.

Additionally, gastrointestinal absorption or bioavailability of
drugs may vary due to changes in gastric secretion and motility.

Multiple hemodynamic changes such as an increase in cardiac
output, blood volume, and renal plasma flow may affect drug
disposition and elimination [ 13]; these changes in pharmacokinetic
parameters should be considered when dosing antiarrhythmic
agents in pregnant women [14]. Absorption of drugs may be
decreased by nausea and vomiting associated with pregnancy, espe-
cially in the first trimester [ 15]. There are also increases in hormone
levels, particularly estrogen, progesterone, placental growth
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1.2 Enzyme
Influences During
Pregnancy and
Lactation

hormone, and prolactin which have multiple effects particularly on
the drug-metabolizing enzymes. One possible effect of the hor-
monal change is on absorption, the increased plasma progesterone
concentrations during pregnancy corresponds to decreases in gas-
trointestinal motility, with associated prolonged gastric emptying
and intestinal transit times which may lead to delayed drug absorp-
tion and reduced peak concentrations [16]. Indeed an in-depth
understanding in hormonal regulatory mechanisms is warranted
for systematic understanding and prediction of the changes in
hepatic drug metabolism during pregnancy [17].

Additional absorption changes for weak acid and basic
drugs are due to increased gastric pH due to reduced gastric
acid secretion which may affect the ionization and absorption of
week acids and bases [18]. The increase in blood and total
body water volumes can alter the volume of distribution for various
drugs. These changes may affect drug disposition and elimination,
and can cause an increase or decrease in the terminal elimination
half-life of drugs.

The enzymes of the cytochrome P450 family (CYP450s) have a
central role in the pharmacokinetics and metabolism of most med-
icines in clinical use today. They have been extensively studied ever
since there discovery in the 1950s. The majority of CYP enzymes
are found in the liver, although other organs such as the gastroin-
testinal mucosa, skin, lung, brain, and kidney also have significant
CYP expression and functional activity [19].

Pollutants and toxicants passing from the mother to the fetus
may damage developing organ systems. The human fetal liver is
both a potential target organ and a critical defense against exposure
to such chemicals. Exposure of the fetus to pollutants/toxicants is
associated with significantly altered transcript expression, with the
more marked response in the male potentially affecting levels of
endogenous factors involved in fetal growth [20].

The activities and nomenclature have been better defined
over the last 20 years. Although there are more than 100 CYP
genes in humans, there are only about 10 gene products that are
important to monitor in preclinical and clinical development for
potential drug—drug interactions as reported by Huang et al. [21],
namely, CYPs 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4,
and 3A5. These CYPs have the potential for not only inhibition
and induction but also genetic polymorphisms that can produce
clinically important outcomes. Several of the drug-metabolizing
enzymes are polymorphic, having more than one variant of the
gene.

A prospective cohort study of 293 women, who delivered
singleton live births in Sapporo, Japan, was conducted to estimate
the effects of maternal smoking and genetic polymorphisms on
infant birth weight and length. Birth weight and length were
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significantly lower among infants born to continuously smoking
women having the aryl hydrocarbon receptor (A#R) wild type
genotype the CYPIAI variant genotype or the GSTM1 null geno-
type indicating that maternal smoking in combination with mater-
nal AWR, CYPIAL, and GSTMI genetic polymorphisms may
adversely affect infant birth size [22].

The CYP2D6 enzyme is perhaps the most widely recognized
polymorphic enzyme with a recessive poor metabolizer (PM) phe-
notype resulting when individuals carry two null alleles, yielding
cither a completely metabolically inactive protein, or no protein
[23]. Although the CYP isozymes generally have similar structural
and overlapping functional properties, each form has key structural
differences resulting in distinct functional properties creating a
distinct pattern of metabolic reactions for given substrates.
Although CYP2D6 mRNA is detectable in the fetus, however,
CYP2D6 protein expression remains mostly undetectable during
pregnancy. The CYP2D6 protein concentration rises only a few
days after birth [24], but remains low during the first month of
life (about 20 % of adult’s levels [25]. During the lactation (new-
born) period a low level of CYP2D6 activity occurs, independent of
genotype that functionally results in all new born being poor meta-
bolizers, as a result, clearance of CYP2D6 substrates are expected to
be low for almost all infants. In order to prevent drug accumulation
or toxicity individualization of dosing is necessary in infants [23].
The variability of CYP2D6 activities in infants older than 1-2 weeks
was largely found to be related to genetic variability [26].

With the additional dimension of genetic polymorphisms there
is an increased basis for interindividual differences in the pharma-
cologic efficacy and side effects of drugs as well as their toxicologi-
cal and carcinogenic potential. The variability associated with the
CYP450 enzymes between individuals result in marked differences
in responses when the same drug and the dose are administered to
different individuals [12].

In addition to the genetic polymorphism found in CYP2D6,
this has been also found in the CYP2C family, specifically 2C8,
2C9, and 2C19 [27].

The expression of CYP3A4 is low during pregnancy and at
birth. However, it is the primary hepatic CYP expressed postnatally
and is involved in the metabolism of over 75 % of commonly used
drugs [23]. CYP3A7 is the major CYP isoform detected in embry-
onic, fetal, and newborn liver with a shift between the CYP3A7 and
CYP3A4 occurring after birth [25].

Loss of consciousness was reported in neonates receiving coad-
ministration of erythromycin (an inhibitor of CYP 3A4) with mid-
azolam [28]. Drug—drug interactions can occur if a drug acts as an
inducer or inhibitor of a CYP450 enzyme and significantly alters
the function of that enzyme or if an individual has a polymorphic
variant form of a CYP450 enzyme. The degree of induction or
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inhibition of CYP 3A4 might be influenced by the developmental
changes which could further enhance the drug—drug interactions in
an immature system.

Regarding changes found in the CYP450 system in pregnant
adult women, it has been shown that the changes are variable and
affect only a few of the CYP450 enzymes. It has been demonstrated
that the activity of the CYP2C subfamily, CYP2D6 and CYP3A4
enzymes increase, while in contrast, the activity of CYP1A2
decreases [29, 30]. The study by Wadelius et al. [30] on CYP2D6
activity involved 17 pregnant women phenotyped into 3 groups
with 4 as poor metabolizers, seven as heterozygous extensive meta-
bolizers and six as homozygous extensive metabolizers with dex-
tromethorphan in late pregnancy and 7-11 weeks after parturition.
During pregnancy, the metabolic ratio of dextromethorphan and
dextrorphan was significantly reduced (p = 0.0015) in the homo-
zygous and heterozygous extensive metabolizers, consistent with
increased CYP2D6 activity. In contrast, the poor metabolizers
showed an increased metabolic ratio during pregnancy. This study
finding was consistent with a previous study finding which found a
marked increase in the metabolism of the CYP2D6 substrate met-
oprolol during pregnancy. Because both studies found an increase
in CYP2D6 activity during pregnancy, it was suspected that preg-
nancy somehow causes the induction of the CYP2D6 enzyme. The
findings of Davis et al. and Wadelius et al. [29, 30] have been
recently confirmed in a study by Tracy et al. [ 31] which also showed
increases in CYP2D6 and CYP3A4 activity and a decrease in
CYP1A2 activity. In this study 25 subjects completed the study
conducted at several stages of pregnancy, 14-18 weeks, 24-28
weeks and 36—40 weeks, and again at 6-8 weeks after delivery.
The enzyme activity results from the 3 phases of pregnancy were
compared with the postpartum period. It was found that CYP1A2
activity decreased progressively during the pregnancy relative to the
postpartum period with activity reductions of 33, 48 and 65 at
14-18 weeks, 24-28 weeks, and 3640 weeks, respectively.
CYP2D6 activity increased over the course of the pregnancy rela-
tive to the postpartum period with increases of 26, 35 and 48 % at
14-18 weeks, 24-28 weeks, and 3640 weeks, respectively.
CYP3A4 activity increased consistently and similarly at each phase
relative to the postpartum period with increased activity between
35 and 38 %. Thus, pregnancy can cause opposing actions on the
CYP450 system with increases in CYP2D6 and CYP3A4 activity
and a decrease in CYP1A2 activity [31]. Recently, increased
Cyp3A4 expression; unchanged Cyp2A5 expression and decreased
CyplA2, Cyp2C37, Cyp2D22, Cyp2El, and Cyp3All was
reported in mice during pregnancy Also expression of CYPD22
and CYP2 El isoforms correlated with that of peroxisome
proliferator-activated receptor PPARa in the mouse livers, suggest-
ing potential involvement of PPARa in downregulation of the
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P450 expression during pregnancy [32]. In addition, they found
that the expression of Cyp2D22 and Cyp2El isoforms directly
correlated with that of peroxisome proliferator-activated receptor
(PPAR) a in the mouse livers, which led them to suggest potential
involvement of PPARa in downregulation of the P450 expression
during pregnancy. It is fair therefore to conclude that any dosing
adjustment during pregnancy will depend on the medication and
the enzyme involved in its metabolism.

Another important aspect is the formation of toxic metabolites
that could lead to birth effects. For example, a genetic defect in
arene oxide detoxification seems to increase the risk of the baby
having major birth defects in epileptic women treated with phenyt-
oin [33]. Shanks et al. [34] developed a murine embryo culture
model to study the potential contribution of enzymatic bioactiva-
tion to the teratogenicity of phenytoin. Their result suggest that the
embryo can enzymatically bioactivate embryotoxically significant
amounts of phenytoin, and that bioactivation and embryotoxicity is
further enhanced, by an exogenous P-450 system, implicating a
possible maternal contribution to phenytoin teratogenicity. A liter-
ature review performed on pharmacogenetics of drug induced birth
defects found that direct relationship between pharmacogenetics
and drug-induced birth defects exits for folate metabolism, oxida-
tive stress caused by phenytoin exposure and drug transporters in
the placenta [35].

It has been also been suggested that an increased metabolic
conversion of valproate (VPA) to its toxic metabolites including 2-
propyl-4-pentenoic acid (4-en) is involved in the mechanism of
VPA teratogenicity at higher doses and concentrations [36].

The impact of development and CYP2C9 polymorphisms on
neonatal therapeutics can be explained by the interindividual varia-
bility for AUC values reported when ibuprofen and indomethacin
are used for treatment of ductus arteriosus in neonates. Although
indomethacin had a higher volume of distribution in the very
preterm baby; clearance from the blood stream occurs more quickly
in babies more than 1-2 weeks. In addition markedly longer half-
life was observed for Ibuprofen [37].

Although the impact of ontogeny for Phase II enzymes is less
studied than phase I enzymes; however, the understanding of their
developmental profiles is essential to recognizing the acquisition of
metabolic competence in the neonate and its potential therapeutic
implications [ 38]. Glutathione S-transferase (GST) Al and A2 were
identified in human fetal liver tissues during gestation as early as 10
weeks gestational age with adult levels not reached until 1-2 years.
For GSTPI, the fetal kidney expression pattern at less than 35
weeks gestational age was similar to that observed for GSTAL/
A2. In fetal tissue greater than 35 weeks of age, expression was
restricted to collecting tubules and the distal loop of Henle [38].
The presence of GST isoforms in urinary epithelia, digestive tract,
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1.3 Transporter
Influences During
Pregnancy

and respiratory tract highlights the importance of GST in detoxifi-
cation reactions at a very early age and suggests that the embryo is
capable of metabolizing drugs [23]. Maternal exposure to these
chemicals that induce GST including non-nutrient xenobiotics
found in vegetables and citrus fruits have the potential to alter
drug metabolism during pregnancy and lactation [23]. The tragedy
of Gray Baby Syndrome was the result of failure to recognize the
impact of development on the glucuronidation of chloramphenicol
and its implications to age related individualization of therapy. The
gray baby syndrome occurred in premature and newborn infants
receiving high or unmodified doses of chloramphenicol and this
condition can be avoided by reduction of dosage and by monitor-
ing levels of drug in the serum of these infant [39]. Furthermore,
mutation of the promoter region of UGT 1 gene has been asso-
ciated with Gilbert’s syndrome, a milder form of congenital uncon-
jugated hyperbilirubinemia [40]. Sulfo-transferase (SULT1A3)
activity is absent in human liver, but expressed at high levels early
in fetal development, and decreases significantly in the late fetal and
early neonatal development [41].

Changes in phase II drug-metabolizing enzyme expression
during development, as well as the balance between phase I and
phase II enzymes, can significantly alter the pharmacokinetics for a
given drug or toxicant. Understanding the ontogeny of drug-
metabolizing enzymes in the neonate is very important for defining
the dosage regimens suitable for children and for limiting the risk of
accumulation leading to adverse effects and toxicity.

The drug transporters are another significant determinant in drug
bioavailability and exposure. The first transporter identified was
P-glycoprotein (Pgp) in 1976 [42]. Since then about 25 different
transporters have been identified. The transporters can be divided
into three classes. Two classes are considered uptake transporters,
the SLC or solute-linked carrier transporter family and the SLCO
or solute-linked carrier organic anion transporter family. The third
class, the efflux transporter family, is denoted as ABC or ATD-
binding cassette transporter superfamily. Notable members of this
efflux family are Pgp, the multidrug-resistant proteins (MDR), the
multidrug resistance associated proteins (MRPs) and the breast
cancer resistant protein (BCRP) [43]. The distribution of the
transporters, representative substrates, inhibitors, and inducers are
also given. As shown by Shugarts and Benet [44] the intestine
expresses several transporters controlling the uptake such as
MCT1I (monocarboxylate transporter protein), PEPT1 and 2 (pep-
tide transport protein), OATP 1A2 and 2B1 (organic anion trans-
porting protein), OCT3 (organic cation protein), and others.
There are several efflux transporters including Pgp, several MRPs,
BCRP, MCT1, and ENT 1 and 2 (equilibrative nucleoside trans-
porter) proteins. The liver also expresses several uptake and efflux
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1.4 Enzyme and
Transporter Influences
in the Fetus and
Placenta

transporters. The hepatic uptake transporters from the blood
stream include the OCTs 1 and 2, OAT2, OATPs 1B1, 1B3, 2B1
AND 1A2, NTCP (sodium-taurocholate co-transporting protein),
and several MRPs 3, 4, and 5. The majority of the hepatic efflux
transporters remove their compounds into the bile canaliculi,
Pgp, MDR3, MRP2, BCRP, and BSEP (bile salt export pump),
while one type removes compounds to the blood stream, the MRPs
3,4,and 5 [45].

The changes in transporters in the adult female following preg-
nancy are not clearly understood as yet. The variety of important
medications given during pregnancy such as anticancer agents,
antiviral agents, and cardiovascular drugs such as warfarin can
have their pharmacokinetics, their absorption, disposition, metab-
olism, and elimination affected in a number of ways based on the
activity of the individual transporters involved or the cytochrome
P450 enzymes as discussed above. While the mother’s exposure
and drug disposition is controlled by her own complement of
cytochrome P450 enzymes, transporters, and internal hormonal
and other chemical signaling systems, the drug exposure to the
developing embryo and fetus is controlled primarily by the placenta
and the ability of the fetus itself to handle the individual medicine
given to the mother through its own complement of cytochrome
P450 enzymes as discussed below.

A large number of known functional drug transporters have
been found in human placenta [46]. Transporter knockout animal
studies have shown the role of drug transporters in protecting the
fetus from chemical effects [47]. The protection is in part due to
the presence of various efflux transporters in the placenta. The
effect of placental transporters in effluxing drugs such as glyburide
and numerous protease inhibitors from the fetal circulation offers
the potential to manipulate the passage of drugs across the placenta
[48]. It is important to take into considerations, that placental
transporters are vital in modulating the exposure of the fetus to
drugs and, therefore, the efficacy and toxicity of such drugs towards
the fetus [49]. Some of these transporters are under hormonal
regulation in the placenta. Vore and Leggas [50] reported that
ABCG2 /BCRP expression is regulated by Estradiol and progester-
one in BeWo cells, a human trophoblastic cell line.

The placental has the ability to metabolize drugs in early pregnancy.
Indeed the placenta expresses a wider variety of enzymes during the
first trimester than at term [51]. Depending on the substrate, this
metabolic action may have significant clinical implications on how it
affects the fetus [52]. Also the developing fetus has been shown to
express a number of CYP450 enzymes during its development and
thus is fully capable of metabolizing endogenous and xenobiotic
compounds and drugs it is exposed to. The CYP450 enzymes
found to be present in the fetal liver include CYPs 1Al, 1BI1,
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2C8, 2D6, 2E1, 3A4, 3A5, and 3A7 after the embryonic phase
(after 8-9 weeks of gestation) [23]. Xenobiotic metabolism activity
was also found to be significant earlier, during organogenesis (before
8 weeks of gestation). Extra hepatic tissues such as the kidney and
adrenals also contain substantial levels of CYP enzymes and can thus
also exhibit metabolizing activity. The adrenals are involved in the
metabolism of hormones of fetal or placental origin to help maintain
and protect the fetus during gestation. The polymorphic expression
of CYP3A5 and the variability of CYP3A7 expression in fetal liver
were demonstrated by Hakkola et al. [53]. This suggests the
existence of interindividual differences in the metabolism of xeno-
biotics at the prenatal stage which may contribute to individual
pharmacological and /or toxicological responses in the fetus.

The placenta is also an extremely important organ for the
mother and fetus. The human placenta oxidizes several xenobiotics
and it represents a critical barrier from toxic agents as well as an
essential organ to provide the fetus with nutrients and appropriate
gas exchange during gestation. It is also active in drug metabolism
and drug transport. CYP1AlL, 2E1, 3A4, 3A5, 3A7, and 4B1 have
been detected in the term placenta. Although little is known about
phase II enzymes in the placenta, however, uridine diphosphate
glucuronosyltransferases, have been detected suggesting a signifi-
cant role of this enzyme in placental drug detoxification [54]. From
studies in women examining the effects of smoking and found they
found that placental CYP1Al is highly inducible in pregnant
women who smoke, in addition to maternal hepatic CYP1Al and
it is the most important metabolizing enzyme of the placenta for
which relevant inducible activity has been demonstrated through-
out pregnancy [55]. Aromatase, CYP19, and cholesterol side-chain
cleaving, CYP11B genes and proteins are catalytically active in
human placenta throughout the pregnancy [56].

Transport proteins play an important role in the adsorption,
distribution, and elimination of a wide variety of drugs. It is there-
fore, comprehensible that transporter-based drug interactions can
occur in the clinic. Transporter-based drug interactions in the clinic
may be inhibitory, inductive, or both, and may involve influx or
efflux transporters [57]. The existence of uptake and efflux trans-
porters in organs responsible for drug biotransformation and excre-
tion gives transporter proteins a unique gatekeeper function in
controlling drug access to metabolizing enzymes and excretory
pathways [44]. The presence of efflux transporters, P-glycoprotein
(Pgp), the breast cancer resistance protein (BCRP), and the multi-
drug resistance associated proteins (MRP) in the placenta has been
implicated to offer the fetus protection from medication taken
during pregnancy because of their location on brush border mem-
branes of the placenta syncytiotrophoblast [58].

Transporters for 5-HT (SERT) and NE (NET) are also
expressed at the apical surface of the placenta and regulate
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Fig. 1 In humans, P-gp is present in several tissues important for drug absorption, distribution, and
elimination, such as the apical membrane of intestinal epithelial cells, the canalicular membrane of the
hepatocytes, the capillary endothelial cells of the brain, the apical membrane of the placental syncytiotropho-
blasts, and the apical membrane of the renal proximal tubular cells. In these tissues, P-gp functions as an
efflux pump, preventing the entry of xenobiotics into these tissues (from ref. [57])

extracellular concentrations of monoamines. Some of the members
of the organic anion transporters are also expressed at the basolat-
eral surface of the syncytiotrophoblast [59]. The expression profile
of these transporters varies with advancing gestation. P-gp has
been shown to decline near term, leaving the fetus susceptible
to potentially developmental toxic drugs commonly administered
to pregnant women [60].

In the placenta, P-gp is located on the maternal-facing
membrane of the syncytiotrophoblasts (Fig. 1) [58], and has been
shown to play a significant role in protecting the fetus from xeno-
biotics [49]. However, studies in pregnant Mdrla/b (+/+) mice,
produced increase in fetal drug distribution following oral admin-
istration of the Pgp inhibitors, PSC833 or GF120918, thus indi-
cating that the Pgp protective barrier can be ablated through
pharmacological means [61].

These proteins are members of the ABC or ATP-binding
cassette transporter superfamily [62]. Solute carrier (SLC) and
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1.5 Resulting
Implications in Drug
Disposition (DMPK)
During Pregnancy

ATP-binding cassette (ABC) transporters play also pivotal roles in
the transport of both nutrients and drugs into breast milk, thus
drug—nutrient transport interactions at the lactating mammary
gland are possible [63].

While most have been found to have mainly physiological sub-
strates there are a number of drugs that also gain access to the fetus
through transport across the placenta. As discussed by Hodge and
Tracy [64] due to changes in many physiological parameters, the
variability in the activity of the maternal drug-metabolizing
enzymes as well as the influence of the drug transporters in the
placenta, the exposure, efficacy, and toxicity of many drugs used by
pregnant women can be difficult to predict. Transporters play an
important role in exposure of the embryo/fetus to drugs with
teratogenic potential during pregnancy, although the significance
of placental transporters on human fetal drug exposure is almost an
unstudied field so far.

The pregnant woman presents many changes for proper drug
administration as discussed above. The variety of physiological
changes, the variety in the responses of the cytochrome P450
enzymes in terms of induction and inhibition as well as the presence
of polymorphic forms which may be present and the influence of
the drug transporters make predicting the pharmacokinetics and
pharmacodynamics of any given medicine difficult. There is a lack of
full information on these changes and influences that needs more
investigation. Because experimenting on humans is limited the
need for better animal models, in vitro systems and predictive
software is needed. During pregnancy opposing changes in drug
metabolism are reported to occur. This includes decreased activity
of CYP1A2 and increased activity of CYP2D6 and CYP3A [31].
The CYP1A2, CYP2D6, and CYP3A enzymes are shown to be
important in the metabolism of several drugs that are administered
during pregnancy of coexisting conditions. Inhibitors of CYP1A2,
which plays a role in metabolism of clozapine and olanzapine,
include fluvoxamine and grape juice in large quantities; cigarette
smoke is considered to be an inducer of enzymes. Inhibitors of
CYP3A4 include erythromycin, carbamazepine, rifampin, and glu-
cocorticoids. Women with epilepsy do have increased risks for
maternal and fetal complications as children born to mothers taking
antiepileptic drugs (AEDs) are at increased risk for findings of fetal
anticonvulsant syndrome. In this situation the risks associated with
drug exposure to the fetus and newborn need to be balanced
against the risks incurred by seizures, and knowledge of pharmaco-
kinetic alterations becomes particularly important for AED optimi-
zation. Pregnancy can affect the pharmacokinetics of AEDs at any
level from absorption, distribution, metabolism, to elimination.
The effect varies depending on the type of AED. The most pro-
nounced decline in serum concentrations is seen for AEDs that are
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eliminated by glucuronidation (UGT), in particular lamotrigine
where the effect may be profound [65]. The apparent clearance of
lamotrigine increases by 50-90 % in pregnancy, requiring dosage
adjustment to prevent exacerbation of seizures [66].

These risks can be considerably reduced with careful selection
of AED treatment regimens. Prescribing AEDs for women during
their childbearing age should include the constant consideration of
pregnancy, planned or unplanned [67].

Drug interactions involving antiviral agents mostly reflect
shared toxicity with other agents (e.g., neutropenia with ganciclovir
and zidovudine, pancreatitis with didanosine and alcohol),
although renal excretion or hepatic metabolism may be implicated.
Given the possibility of severe adverse reactions and drug interac-
tions, antiviral chemotherapy should only be used for potentially
serious virus infections during pregnancy [68].

Maternal ethanol consumption during pregnancy and lactation
inhibits the hepatic metabolism of drugs such as chlorpromazine
which require glucuronidation for their detoxification. This
ethanol-mediated inhibition is largely exerted through the decrease
in the NAD-dependent conversion of UDP-glucose (UDPG) to
UDP-glucuronic acid, (UDPGA) [69].

In the fetus, important factors influencing drug metabolism are
the variety of CYP450s that exist, some polymorphic, and some
with changing activity in opposing directions thus presenting com-
plicating situations on what to expect pharmacokinetically and
pharmacodynamically relative to the situation in the nonpregnant
state. The placenta is a very active and integral tissue in the fetal
exposure to drugs. With the presence of both several CYP450s and
drug efflux transporters, and there may be others as yet unknown,
the placenta plays a very active role controlling the exposure of the
fetus to drugs taken by the mother. The opinion on the implica-
tions for exposure and disposition is mixed. Depending on the drug
and the enzyme and transporter involved the clinical response may
be significant or uneventful. Therefore, for drugs with a narrow
therapeutic window or those with marked pharmacologic or toxi-
cological outcomes that are also cleared predominantly by a single
CYP450 or handled by a single transporter, the need for systemic
monitoring of plasma concentration to monitor exposure is war-
ranted, at least during the initial days of starting a medication. In
addition, improved understanding of transplacental drug transfer
and metabolism will result in further enhancement of the clinical
treatment of fetal diseases/conditions.
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Abstract

Several years ago Wilson (1973) postulated his principles of teratogenesis, which have been revisited
previously. However, there is a strong need to evaluate critically and summarize recent advances in the
area of susceptible periods in teratology. This review focused on three model teratogens, namely ionizing
radiation, congenital rubella, and retinoids. Continued presence of rubella virus in the placental and fetal
tissues suggests an extended period of susceptibility to abnormalities of lens and otocyst differentiation
beyond the narrow window of embryonic period. The currently understood critical period for maternal
radiation exposure-related microcephaly in the offspring has been derived from Hiroshima and Nagasaki
experience. Data on pregnancy complications of radiation-exposed childhood cancer survivors is alarming.
Cumulative use of diagnostic CT imaging and the associated ionizing radiation burden are reported to have
a lifetime attributable cancer risk. This coupled with experimental data on radiation effect on neurogenesis
in the cerebellum and that on global gliogenesis in the CNS is a reason to revisit the critical period definition
for microcephaly in the offspring of mothers exposed to radiation. Both retinoic acid and valproic acid
studies in experimental animals have demonstrated unequivocal evidence for the existence of more than one
susceptible period for skeletal defects and cleft palate. It is important to realize the distinction between the
“critical period for a malformation” and the “critical period for an organ as a whole.” Vascular disruption
and post-closure neural tube defects have been observed to occur far beyond the embryonic period of
development. It is now clear that the textbook description of the embryonic period as the window of
susceptible period is rift with problems. In the light of newer advances in teratology, a second look at our
definition of teratogenic manifestations and sophistication of methods of ascertainment of abnormal
development will help us develop effective preventative strategies in the field of birth defects.

Keywords: Teratology, Critical periods, Ionizing radiation, Congenital rubella, Retinoids, Micro-
cephaly, Cataract, Therapeutic radiation, Childhood radiation, Neurogenesis, Gliogenesis, Vascular
disruption, Post-closure neural tube defects

1 Introduction

According to CDC (Center for Disease Control, Atlanta) congeni-
tal malformations are “common, costly and critical” [1]. About 1 in
33 births in the USA is affected by birth defects which amount to
120,000 babies. The European Surveillance of Congenital Anoma-
lies [2 ] estimates the prevalence rate of all congenital malformations
in Europe, excluding chromosomal anomalies as 219.7 per 10,000
births (2.2 %) for 2003-2007. In certain parts of Africa where
antenatal care is unavailable the prevalence rate is reported to be
as high as 14 % [3]. Congenital malformations and chromosomal

17
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anomalies are of serious public health issues because they cause
infant mortality, childhood morbidity, and long-term disability in
survivors. They are costly. They are a burden on the economy,
families, and community as well as a leading cause of years of
potential life lost [4]. Congenital malformations, such as neural
tube defects (NTD), are not only highly prevalent, particularly in
lower and middle income countries, but they also cost significant
amounts of money to the communities that are already economi-
cally strained. Yi et al. [5] reviewed studies on economic burden of
NTD covering the period 1976-2010, evaluated the direct and
indirect costs of care required by affected individuals, and con-
cluded that the benefits of prevention of NTD with maternal folic
acid supplementation far outweighed the cost of care required by
NTD patients. A recent study looked at 37 previous studies on the
burden of NTD among middle and lower income countries and
analyzed data on live births, still births, and terminations and
estimated that a total of 190,000 neonates were added each year
to the NTD burden in those countries [6]. The cost of raising a
child with spina bifida from birth to the age of 18 years is estimated
to be about $120,000 in the USA. Even greater amounts of money
are spent in caring children with open spina bifida in developed
countries in Europe [7]. Although not all NTD could be pre-
vented, folate fortification and periconceptional folate supplemen-
tation have significantly reduced the incidence of NTD and
improved cost saving in developing countries [8]. About a third
to one half of all pregnancies are estimated to be unintended
[9, 10]. It is not possible to assume that this section of women
are on supplemental folate or would take care not to consume
alcohol or refrain from smoking. Intended or unintended pregnan-
cies are costly. Pregnancies complicated by situations requiring
surgical procedures, preterm births, multiple births, intrauterine
growth restriction (IUGR), etc. cost significantly more. Now that
the beneficial effects of folate is known, there is however a concern
that the probability of vitamin B12 deficiency might go unnoticed
due to the masking effects of folate on B12 deficiency-related anemia
and the consequent neurological damage to the patients [11].
Maternal smoking during pregnancy is known to cause orofacial
clefts affecting about 6 % of births. If smoking during pregnancy is
prevented, it can result in an estimated saving of $40.4 million for
each annual cohort of 430 averted cases [12]. Other pregnancy
outcomes that are of interest to teratologists include preterm births
and small for gestational age (SGA) births. Complications associated
with preterm births are attributed to be responsible for 35 % of the
world’s 3.1 million neonatal deaths estimated annually [ 13]. Preterm
birth rates are increasing in economically affluent nations. Both SGA
and preterm births account not only for significant proportions of
perinatal mortality and morbidity but they are also a major challenge
for maternal and perinatal care globally [14]. Preterm birth rates are
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reported to be increasing in developed countries [15]. Teratologists
should also be equally concerned about the high prevalence rates of
intrauterine growth retardation (IUGR) which is often complicated
by accompanying congenital malformations. Growth restriction may
be primary predisposing the fetus to malformations or secondary to
the malformation or share a common etiology with the coexisting
physical anomaly [ 16]. There is a strong body of evidence supporting
the association between stillbirth, TUGR, and congenital malforma-
tions. In fact IUGR is clinically employed for the stillbirth predic-
tion. Stillbirth and IUGR are reported to have overlapping etiology
and risk factors [17, 18]. Individuals who are growth restricted in
utero are now known to develop obesity, type 2 diabetes, and /or
cardiovascular diseases later during adult life possibly due to hypo-
methylation of DNA and other epigenetic modifications [19-22].

To eliminate or minimize the huge economic burden of con-
genital malformations, prematurity, and IUGR to the affected indi-
viduals, their families, and the health care system, efforts need to be
directed at prevention. Planning preventative strategies in dealing
with the issue of congenital malformations, small for gestational age
(SGA), and TUGR requires a thorough understanding of the nor-
mal processes of development and the causes, molecular, cellular,
and morphological mechanisms and both anatomical and func-
tional manifestations of abnormal processes of development. His-
torically speaking, people have responded to the birth of a
malformed baby with fear, awe, and deep concern. The literature
on the history of congenital malformations includes descriptive
accounts often stemming from mythology with etiology attributed
to maternal impressions during pregnancy, the position of stars,
divine retribution for wrong doing, etc. However, concurrently
there has always been some form of scientific inquiry attributing
congenital anomalies to various causes including fetal distress,
arrest of embryonic growth and interference with development by
chemical substances, and mechanical factors.

William Harvey (1561) (cited by Wilson [23]) first advanced
his theory of developmental arrest meaning that developmental
anomalies observed in newborns represented the appearance of
the organ primordia at the time point when development was
interfered with by an environmental agent. Etienne Geoffroy
Saint-Hilaire (1772-1844) and his son Isidore Geoffroy Saint-
Hilaire (1805-1861) studied embryology, comparative anatomy,
and experimental teratology in an effort to explain congenital mal-
formations. They designed experiments on chick embryos to alter
development by various physical manipulations including high and
low temperatures. This was possibly the first recorded scientific
inquiry into environmental effects on embryonic development.
The results of their studies helped shift the focus from mythology
to an environmental etiology of abnormal embryonic development
and thus teratology became a “special branch of the greater science
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of organization” [24-26]. This work was extended by Camille
Dareste’s experiments in which developmental stage-dependent
monstrosities were induced in chick embryos by mechanical stimu-
lation with heat, cold, shock, etc. during incubation [27]. Dareste
believed that his experimental manipulations somehow slowed
down or caused arrest of the normal developmental processes.
Dareste’s work appears to have deeply impacted Stockard [28]
who experimented with the common minnow ( Fundulus heterocli-
tus) embryos by subjecting them to variable temperatures or vari-
able concentrations of O, and CO,, thus causing development of
the embryos to slow down (by moderately low temperature, for
example) or to stop (by very low temperature, for example) for
given periods of time after which restoring them to the normal
environment. Depending on the developmental stage at which the
environment of the embryos was first altered, embryos with too
slow rates of resumption were found to result in significant
malformations while stoppage was followed by high mortality.
Some periods (“moments”) of development when by experimental
manipulation developmental arrest or interruption could be caused
without embryonic death or malformations were classed as indif-
ferent moment. “ Moments of supremacy” were when primordia of
organs were forming; these were developmental stages which could
not be arrested without causing serious effects on subsequent
development. Such sensitive periods constituted “critical moments”
for Stockard. He claimed that all types of malformations not of
hereditary origin were simply the result of developmental arrest.
This belief led him to the following general principles (“or proposi-
tions”) of abnormal development (quoted from Stockard [28]):

e “All types of monsters may be caused by the one and the same
experimental treatment

¢ Any one type of monster, such as cyclopia may be produced by a
great number of different experimental treatments

e All effective treatments tend primarily to lower the rate of
development

¢ The type of monster induced depends upon the particular devel-
opmental moment or moments during which the developmental
rate was reduced”

Stockard’s propositions and other theories of birth defects,
such as “teratogenic termination period” (of Schwalbe) and “criti-
cal moments” (periods) of Stockard [28] were possibly deeply
influenced by Dareste’s postulates of teratogenesis, which are
(quoted from Jelineck [24, 28]) as follows:

e “Identical defects can be induced by administering different
agents

e Darticular embryos react to an adverse condition in dissimilar
ways
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e The dissimilarity is caused by unequal combinations of inherited
gifts (genes) and extrinsic influences

e Type of defect depends upon the strength and time of action of
adverse impulse

e The smaller the defect, the later it will become apparent”

For these reasons Dareste is regarded as the founder of experi-
mental teratology, although Dareste himself bestowed that distinc-
tion and honor upon Etienne St Hilaire. There is a short but
excellent summary account of the history of teratology in the first
half of 1900 [29].

Although Mendel postulated his theory of inheritance in as
early as 1865, it was only in 1900 his postulates became widely
known when Hugo de Vries, Carl Correns, and Erich von
Tschermak-Seyenegg also arrived at the same conclusions indepen-
dently and unaware of Mendel’s work [30]. Soon the medical
community started easily attributing almost all birth defects to a
genetic cause. Subsequently the discovery that maternal exposure
to ionizing radiation, maternal rubella infection, and maternal
dietary excess and deficiency of micronutrients during pregnancy
could cause congenital anomalies in the offspring convinced the
scientific community beyond doubt that malformations might arise
as a result of several non-genetic causes. The situation began to
change rapidly and extensively when Warkany and his group pub-
lished results of a series of experiments they conducted in labora-
tory animals showing that maternal nutritional deficiencies could
induce predictable frequencies of fetal malformations. The thalido-
mide embryopathy reported in 1960s [31, 32] was an unexpected
catastrophe which took the teratologists around the world by sur-
prise. It brought to light the possibility of “innocent” prescription
drugs also being highly teratogenic to human embryos. It led to
rapid expansion and greater scope of the field of teratology and
reproductive toxicology. Some knowledge of prenatal development
is important in understanding the concept of embryonic suscepti-
bility to develop malformations.

2 Developmental Periods

Clinically pregnancy is commonly divided into three sequential
trimesters, each lasting 3 months. Developmentally the transition
from one trimester to the next is not abrupt but a continuum. Some
embryologist would divide development into three periods, namely
the period of implantation, embryonic period, and fetal period,
though clinicians who also pay greater attention to developmen-
tal-stage-specific morphogenetic processes would divide develop-
ment into (1) blastogenesis—up to 2 weeks postconception, (2)
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organogenesis—end of week 2 (or beginning of week 3) to end of
week 8 postconception, (3) fetogenesis—early (9-15 weeks), mid
(16-25 weeks), and late (26-38 weeks) fetal periods [33].
The highlights of the first trimester include events such as implan-
tation, differentiation of the inner cell mass into three germ layers,
craniocaudal and lateral foldings of the embryo, embryonic body
formation, organogenesis, fetal and placental membranes develop-
ment, and establishment of a functional circulatory system. During
the second and third trimesters, the organ primordia continue to
grow and elaborate and differentiate in complex ways so that the
embryonic organ systems attain a certain level of functional matu-
rity. The fetus as a whole grows in size and with time attains
definitive body proportions. Keeping pace with the fetus, the pla-
centa grows in size, differentiates further, and secretes a myriad of
substances that are of major metabolic and developmental signifi-
cance. The placenta plays an active role in materno-fetal exchange
processes and supports fetal growth. Although short lived, in terms
of its structural complexity and functional diversity the placenta is
possibly the most versatile of all organs. Intrauterine development
and growth are tightly controlled both spatially and temporally by a
series of morphoregulatory processes but remain subject to epige-
netic modifications [34, 35]. Developmental control mechanisms
are not invincible to environmental influences. The sensitivity of the
embryo to the modifiers appears to differ at different time points
during development and is species specific [36, 37].

3 Principles of Teratogenesis

Based on his own observations in his experimental studies and
critical evaluation of the literature of his time Jim Wilson, one of
the founding fathers of Teratology Society, first formulated his five
Principles of Teratology in 1959 [38], which he subsequently
revised and restated in his monograph Environment and Birth Defects
in 1973 [23] and in other publications. For the purpose of under-
standing of our readers, Wilson’s Principles of Teratology [23]
are stated here:

1. “Susceptibility to teratogenesis depends on the genotype of the
conceptus and the manner in which this interacts with adverse
environmental factors

2. Susceptibility to teratogenesis varies with developmental stage
at the time of exposure to an adverse influence

3. Teratogenic agents act in specific ways on developing cells and
tissues to initiate sequences of abnormal developmental events
(pathogenesis)

4. The access of adverse influences to developing tissues depends
on the nature of the influence
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5. The four manifestations of deviant development are embryonic
death, malformations, intrauterine growth restriction and
functional deficit

6. Manifestations of deviant development increase in frequency
and degree as dosage increases from the no effect to the totally
lethal level”

Since Wilson (1973 ) enunciated the Principles of Teratology [23],
the field of Teratology has had significant advances in keeping pace
with the progress in genetics, molecular biology, and developmental
biology and we have come to realize how the recent advances in the
realm of teratogenic mechanisms have only validated and strengthened
turther the scientific bases of Wilson’s Principles of Teratology. This
review focuses on developmental periods of embryonic susceptibility
to exposure to adverse influences.

Charles Stockard (C R Stockard 1879-1936) made some
milestone contribution to developmental biology, aging, alcohol
effect on embryonic development, etc. However, his most out-
standing contribution to teratology is the concept of “critical
moments” which is based on the results of his experiments with
fish embryos [28, 39]. Although many of us teratologists who
belong to the post Warkany-Wilson era do not agree with all that
Stockard published, there is no denial that Stockard is a milestone
in the ontogenesis of the “Principles of Teratology” and that he will
continue to be cited in teratology literature. At a time when there
weren’t electron microscopy and PCR, simply by subjecting the
eggs of minnows and trout to cold temperatures Stockard [28]
produced a variety of cyclopic and two headed embryos and
observed that the window of opportunity to produce these anoma-
lies was limited to the first 24 h after fertilization of the egg. If the
exposure was delayed beyond 24 h nothing remarkable happened.
He called these moments “moment of supremacy” and “moment
of indifference,” respectively, which later became referred to as
“sensitive/critical period” and “refractory period,” respectively.
The concept of “critical moments” now widely referred to as “crit-
ical periods” and Schwalbe’s theory of “teratogenic termination
periods” possibly inspired Wilson [23], thus leading to his postu-
late #2 “Susceptibility to teratogenesis varies with the developmen-
tal stage at the time of exposure to an adverse influence.”

4 Validating the Principle of Critical Period

It is outside the scope of this review to discuss critical periods in
relation to all teratogens. It will discuss critical periods in relation to
a physical teratogenic agent—ionizing radiation, an infectious tera-
togenic agent, rubella, and a chemical teratogenic agent—the
retinoids.
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4.1 lonizing
Radiation

Tonizing radiation is possibly the earliest and extensively researched
example of human teratogens [40, 41 ] thought to be in support of
the concept of Wilson’s postulate on developmental stage-
dependent susceptibility to teratogenesis of human embryos.
Radiation-affected pregnancies of the Nagasaki-Hiroshima atomic
bomb explosion episodes highlighted for the first time the deleteri-
ous maternal and fetal complications of large doses of radiation.
Congenital malformations and fetal growth restriction observed
subsequently in numerous pregnancies exposed to radiation for
diagnostic and therapeutic reasons were described to be develop-
ment stage dependent [42—44]. Humans are exposed rather con-
tinuously to low doses of radiation and at low dose rates. The data
of vast majority of reports published over the past 100 years on
reproductive outcome of radiation-exposed human pregnancies
come from Hiroshima and Nagasaki involving high doses emanat-
ing directly from atomic bomb explosions. Otake et al. [45]
reviewed this literature and suggested 8-15 weeks of post-
fertilization period as the most sensitive period for severe mental
retardation in the offspring of women exposed to radiation when
they were pregnant. Several investigators seem to tacitly approve a
low-dose radiation-sensitive period of 8—15 weeks after conception
too [33, 46]; however, they also suggest that accumulation of
radiation effects via repeated-diagnostic procedures in a pregnant
woman could result in microcephaly and severe mental retardation
in the offspring. Epidemiologic and laboratory animal studies with
an acute dose of 1 Gy [47, 48] suggest an “all or none effect”
during preimplantation period, malformations, growth restriction,
and microcephaly for organogenesis period and only IUGR and
microcephaly for fetal period. Epidemiological studies commonly
report microcephaly and mental retardation occurring in children
following maternal exposure to radiation. The critical periods
referred to in these studies vary extremely (gestation weeks 4-19;
8-15; 16-25, etc.; see for references De Saints et al.[47]), primarily
because the doses and frequency of radiation exposures were nei-
ther consistent nor comparable across studies possibly dictated by
individual patient needs. Surveying volumes of literature as well as
27 cases of pregnancies irradiated for pelvic diseases, Dekaban [44 ]
drew a tentative timetable of abnormalities showing the period of
3.5-20.0 weeks of gestation as the critical period of radiation-
induced fetal malformations and ITUGR. He noticed that with
advancing gestational age, there was a progressive decline in the
incidence of irradiation-related malformations and reduction in
severity of IJUGR. Apparently this timetable is in sharp contrast to
the developmental stage- and dose-dependent organ system-
specific malformations he observed in a mouse study he did with
200 R dose of irradiation administered on each consecutive day
between 7th and 18th days of gestation. The data from this study
are similar in many respects to those of numerous experimental
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studies reported in the literature. A common inference from these
experimental animal studies and human clinical studies is a warning
that the application of the concept of critical period for radiation-
induced malformations is rift with problems and pitfalls. In the
development of the nervous system, neurogenesis of the cerebel-
lum and dentate gyrus of the cerebrum as well as global gliogenesis
in CNS in particular are events that are largely late gestational and
early postnatal in timing; these observations are reinforced by
robust data from experimental studies that substantiate the fact
that proliferative and migratory cell populations are vulnerable to
environmental and nutritional interferences. Robust experimental
data are available showing that low-dose radiation of late gesta-
tional and young postnatal animals gives rise to CNS morphologi-
cal and behavioral abnormalities [49-53] and therefore careful
interpretation of the structural and functional consequences of
irradiation at different time points in life of the organism and our
definition of what constitutes a teratogenic outcome (spontaneous
abortion or resorption in lab animals, gross anatomical malforma-
tion, growth restriction, or functional disorders) [54]) will help us
define “sensitive period/critical period or teratogenic termination
period vs. period of organogenesis.” Any conclusions on critical
period for radiation would only make sense if one takes into
account the dosage—acute vs. chronic exposure, maternal and
fetal genetic makeup, concurrent exposure to prescription and
nonprescription therapeutic agents, maternal nutritional status,
etc. Also important to realize here is the distinction between the
“critical period for a malformation” and the “critical period for
the organ as a whole” [54]. In the case of brain open defects of
the neural tube such as anencephaly might occur over a narrow
window of time during neural tube closure, whereas neuronal /glial
cell deficits might result from influences that interfere with cell
proliferation, differentiation, and/or migration that characterize
longer windows of growth spurts later in development [55]. Defin-
ing such differential susceptibility in humans is complex. Recogni-
tion and appreciation of this critical vulnerability as an essential
aspect of development will benefit significantly it data from well-
controlled animal experiments are taken advantage of for compari-
son with human development as described by Clancy etal. [56, 57].

One another body of data that has not received much attention
of the teratologists is the time- and activity-dependent metabolic/
functional maturation of the different regions of the brain. Studies
of cerebral glucose utilization with positron emission tomography
(PET) have revealed the existence of progressive metabolic matura-
tion process that starts at 2—3 months of age and persists until ages
of 16-18 years. The periods of neuronal and glial proliferation,
progressive synaptogenesis, production of neurotransmitters, and
various receptors are followed by postnatal periods of selective
apoptosis. Surviving neurons also go through a pruning phase
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4.2 Maternal Rubella
Infection

characterized by selective synaptic elimination and repeated
activity-dependent stabilization of certain circuits, thus molding
an optimum cytoarchitecture of the CNS appropriate for the future
needs of the individual [58, 59]. Patients subjected to radiologic
evaluations or treated with radiation for neoplastic diseases become
exposed to amounts of radiation that are commonly assumed to be
safe [60]. Computer tomography (CT) scans, by virtue of their ease
of acquisition of serial multiple images in quick succession and high
levels of diagnostic capabilities, have revolutionized medical prac-
tice throughout the world. However, a small percentage of obstet-
ric and gynecologic physicians have always suspected that
abdominal scans use unrealistically high levels of radiation that
might harm pregnancy. For example, a chest CT scan uses about
100 times greater amount of ionizing radiation than a lateral or AP
chest X-ray. Although CT only accounts for about 17 % of all
medical imaging, it contributes to about 50 % of clinical imaging-
derived radiation burden [61]. High-speed multiphase image
acquisition results in increasing amounts of ionizing radiation
exposure. Abdominal and pelvic CTs outnumber CTs of other
regions of the body. More recently there has been an alarming
numerical increase in the use of CT in patients of age 1-18 with a
lifetime attributable cancer risk [62]. Increased risks of infertility,
miscarriage, stillbirth, intrauterine growth restriction, and preterm
birth have been reported in studies that looked at pregnancies of
radiation-exposed childhood cancer survivors [63, 64]. These del-
eterious later effects of childhood exposure to radiation strongly
indicate the need for further modifications of the concept of sus-
ceptible periods in teratology to include reproductive outcomes of
childhood and pre-pregnancy exposures.

Maternal infections during pregnancy are attributed to be causally
related to about 3 % of total malformations observed during the
first year of life [65]. This figure has to be cautiously interpreted in
view of the fact that rate of intrauterine infections during pregnancy
is estimated to be as high as about 14 % when appropriate labora-
tory investigations are used for diagnosis [66] and that syphilis and
rubella infections are associated with a high incidence of congenital
anomalies in the offspring; in fact about 64 % women report to have
had one or more infections during their pregnancies [67]; some
congenital abnormalities, such as deafness and eye defects due to
maternal infections, are not detected until the second year of life or
even later [68]. Two German physicians (de Bergean and Orlow)
are credited to be the first to describe the clinical manifestations of
rubella [69]. Although popularly known as German measles based
possibly on this German connection, there was some confusion
about the relationship of rubella to measles and to scarlet fever.
It was yet another German physician, George de Maton, who for
the first time characterized rubella in 1814 as a distinct disease
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entity, called “rotheln” [69-71]. Henry Veale, a British Army
surgeon, is said to have named the disease rubella (from the Latin
for “reddish things,” the rashes) in 1866. He thought the original
word “rotheln” sounded “harsh and foreign to our ears.”

Rubella virus (RV), a member of the family Togaviridae and the
only member of the genus Rubivirus, is transmitted via respiratory
aerosols. The nasopharyngeal mucosa of the upper respiratory tract
and the underlying lymphoid tissue are the initial sites where RV
replication occurs. The upper deep cervical regional lymph nodes
subsequently become involved. Although initially mild, and often
asymptomatic, macropapular rashes appear within 2—-3 weeks after
exposure. The rashes appear first on the face and spread rapidly to
the trunk and limbs. Patients develop mild fever, pharyngitis,
lymphadenopathy, arthritis, and arthralgia with non-immunized
women being affected more frequently than men. More serious
complications such as progressive rubella panencephalitis have
also been reported in some of the RV-infected patients.

Historically there was a worldwide epidemic rubella infection in
1940 and in 1941, Norman McAlister Gregg [72], an Australian
ophthalmologist reported for the first time a high frequency of
congenital cataract, reduced pupillary reaction to light, atrophic iris
and congenital heart defects comprising patent interventricular fora-
men, and patent ductus arteriosus in newborn children [71, 72].
To his meticulously recorded history of 13 cases were added 65 cases
of infants with cataract collected by his fellow physicians. Gregg and
his fellow physicians thought of several etiological factors including
the German measles that preceded the birth of numerous infants
with a recognizable spectrum of congenital abnormalities, termed
congenital rubella syndrome (CRS). Similar cases were reported
subsequently from Japan, Europe, and the USA. Greg’s report
[72] showed for the first time that a virus could be a human terato-
gen. The rubella pandemic that occurred in the USA from 1962
through 1964 resulted in approximately 12.5 million cases of clini-
cally established rubella, 11,000 fetal demise, 20,000 live born
infants with CRS, and 2100 neonatal deaths due to congenital
anomalies that constitute congenital rubella syndrome (CRS). The
estimated cost to the national economy was approximately $2.0
billion [73, 74]. CRS is the cause of a preventable spectrum of
malformations that comprises ophthalmic (cataract, microphthalmia,
glaucoma, unusual type of nystagmus (of “course, jerky, purposeless,
searching type”)), cardiovascular (atrial and ventricular septal defects,
widely patent ductus arteriosus, pulmonary stenosis, and coarctation
of the aorta), and neurological defects (microcephaly, mental retar-
dation, and sensory neural deafness), and intrauterine growth restric-
tion [75]. Other complications that become discernible later in the
lives of these children include mental retardation, glaucoma, retinop-
athy, type 1 diabetes mellitus, thyroid dysfunction, and non-aftective
psychosis [76-81]. The anomalies that constitute CRS also contrib-
ute to miscarriages and infant mortality in the first 2 years of life [82].
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4.2.1 Susceptible
Periods of CRS

With the implementation of an effective rubella vaccine pro-
gram, CRS prevalence has become most significantly reduced in
USA, continental Europe, Australia, and Japan; the reduced fre-
quency in CRS is attributed to (1) a reduction in RV infection and
(2) early termination of pregnancy when CRS is diagnosed. The
other side of the issue however is that it continues to be a major
health concern in countries where the rubella vaccine program is
unavailable. A relatively recent estimate indicates that about
100,000 infants are born with CRS annually worldwide [83, 84].
With the advent of technological development and progressive
emigration from countries without a routine rubella vaccine,
there seems to be a global reemergence of the disease; however
small the increase might be, CRS remains to be the most preven-
table congenital disease [85, 86].

Rubella virus is known to cross the placenta [87-89]. Numerous
studies have established the teratogenic effects of RV and the fact
that most children with CRS have more than one defect [90-92].
The virus replicates in cell culture, disrupts cytoskeleton, impedes
cell cycle, and causes mitochondrial changes and subsequently
apoptosis of infected cells [93]. It infects and interacts with embry-
onic cells. It also slows down cell proliferation and induces apopto-
sis via complex mechanisms in infected organs. Both immunologic
immaturity of the embryo and developmental stage are reported to
influence the extent of teratogenic outcome following maternal
primary rubella infection. The virus is reported to be present in
the placenta during maternal viremia even before the rashes appear
and the virus can be recovered from the placenta and from fetal
tissues after therapeutic abortions, at birth in live fetuses and in
about 10 % of cases at 1 year after birth. It causes necrosis of the
trophoblast, progressive villus inflammation, and damage to endo-
thelial cells of the chorionic vessels of the placenta [94, 95]. Micro-
scopically vascular lesions in CRS patients are described as extensive
local proliferation of tunica intima observed near the branching
points [96, 97]. Rubella virus establishes persistent infection in
the embryo, continuously replicating and instituting histopatholo-
gical changes. Pathological modifications of fetal endothelial cells
of the developing heart and great blood vessels are said to lead to
cardiac septal defects, patent ductus arteriosus, and pulmonary
stenosis. Intrauterine growth restriction (IUGR), congenital deaf-
ness, and neurodegenerative lesions are also described to result
from RV-induced vascular insufficiency and fetal nutrient depriva-
tion [98]. Continued presence of the virus and consequent fetal
and placental vascular pathology might not only cause focal tissue
damage and growth restriction [98, 99], but also complicates any
conclusions drawn about critical periods of susceptibility to mal-
formations in maternal rubella.
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Reviewing the literature on clinical delineations of CRS, it
becomes obvious that the early reports [71, 100-102 | meticulously
described the epidemiology, virus-induced embryo pathology, and
phenotype of the infants; but their focus was not on sensitive
periods. However, subsequent studies that looked into the tempo-
ral relationships of maternal rubella infection and congenital mal-
formations of the offspring report different periods of
susceptibilities [ 103 ]. For instance, De Santis et al. [ 104 ] summar-
ized 35 reports of CRS cases into three trimesters with semester 1
being most susceptible, semester 2 moderately susceptible, and
semester 3 only susceptible to IUGR. Based on their observations
on a cohort 42 full-term infants with CRS with exact LMP date and
time of onset of rubella rashes of the mothers during pregnancy,
Ueda et al. [105] assumed that the critical period for rubella-
associated JTUGR was the interval from GD 16 to 100. Three
most consistent anomalies observed in individuals with CRS are
cardiac malformations, cataract, and deafness. A cutoff point of
16th-17th weeks appears to be repeatedly emphasized as the
termination period of RA infection-associated fetal anomalies
[103, 106, 107]. For example in Miller et al.s’ study involving
over 1000 women with confirmed rubella infection at different
stages of development, pregnancy continued in 40 % and the infants
were followed up clinically and serologically for 2 years [103].
Infants infected before the 11th week had mainly heart defects
and deafness, whereas 35 % of those infected at 13-16 weeks had
deafness alone. Infections after the 17th week caused no defects.
Some of the cardiac anomalies and deafness do not manifest until
later in life [ 108] and therefore these gestational time points do not
necessarily define the commonly perceived critical periods of devel-
opmental susceptibility described in teratology and embryology
texts. Also important to mention here is the secondary disruptive
effects of the virus infection on the scala vestibuli, scala tympani,
stria vascularis, hair cells of cochlea, modiolus, etc. on the
subsequent development of the already formed inner ear compo-
nents of the auditory organ system [ 109]. With respect to cataract,
as in the case of congenital rubella-related deafness, it is difficult to
obtain accurate estimate of the timing of embryonic insult by the
virus. Since RV is blood-borne, it might not be able to enter the
lens vesicle after the hyaloid blood vessels degenerate and lens
capsule forms and therefore the risk of cataract should decline
after week 5 of gestation [110]. However, this theory has been
contested by Wolf [111] who asserts that the period of vulnerability
to cataract extends to week 11. Ueda et al. [112] however observe
that this susceptibility extends from 26 to 57 days (week 4-8) after
fertilization. In vitro experiments on eye rudiments obtained from
therapeutic abortions the rubella virus failed to cause cataracts
when infected after the lens capsule enveloped the closed lens
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4.3 Retinoic Acid

4.3.1  Vitamin A
Deficiency/Excess

vesicles (6—-10-week embryos) [113]. Munro et al. [114] report
CRS in infants following infection as late as 33 weeks. Development
of the eye involves the processes of acquisition of precursors from
diverse sources (optic vesicle from neurectoderm, lens placode from
surface ectoderm, and the mesenchyme of neural crest origin), as
well as morphogenetic processes such as cell proliferation, migra-
tion, differentiation, and apoptosis all which are tightly controlled
by nuclear DNA-specific gene expression and epigenetic modifica-
tions [115, 116]. A similar complexity exists with respect to the
otocyst and inner ear development [117, 118]. Therefore, it is
obvious that the critical periods proposed for cataract and deafness
in congenital rubella syndrome in the literature are based on often
transient symptoms and /or patient history and they do not seem to
take into account the chronic nature and severity of the infection
and the molecular mechanisms of the embryology of the structures
that are malformed. They also ignore the role of secondary effects
of altered hemodynamics associated with concomitant vascular
anomalies of CRS embryos. The temporal relationships between
maternal rubella and fetal anomalies should be interpreted keeping
in mind the progressive nature of the disease and the secondary
effects that might mask any assumptions on the time of infection
based on transient symptoms. What has also been overlooked
turther in the interpretation of the critical period in rubella terato-
genesis is the fact that in addition to the developmental stage at
which exposure to infectious agent occurs, there are several other
factors that are contextually known to influence the teratogenic
outcome (see Wilson [23]).

In this review the term »etimoid is used in place of vitamin A.
The generic term retinoid encompasses both naturally occurring
compounds with vitamin A activities and synthetic analogs of reti-
nol with or without the biological activity [119]. Vitamin A deri-
vatives include retinol, retinyl esters, all zrans-retinoic acid, and its
geometric isomer, 13-cis retinoic acid. Retinoids are known to
control and maintain many biological processes such as develop-
ment, normal growth of epithelial and skeletal structures, vision,
and immune, reproductive, and integumentary systems [120].
Over 500 genes have been reported to be regulated by retinoic
acid. Following ingestion, vitamin A is absorbed in the small intes-
tine as a component of the chylomicrons and stored in liver paren-
chymal cells (80-90 %), and to a lesser extent in stellate cells and
extraheptic adipocytes as retinyl esters or converted to retinal, the
precursor of all-trans-retinoic acid. The 13-css retinoic acid, also
called retinoic acid, is zsotretinoin. Several retinoids are used as
therapeutic agents [121]. All currently available retinoids are ter-
atogens [122]. Even before Greg [71] highlighted for the medical
community the viral origin of birth defects, some landmark
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experiments on the effect of maternal dietary restriction of vitamin
A in pigs during pregnancy were shown to cause congenital anoma-
lies in the offspring [123]. Pigs maintained on a diet vitamin A
deficient supplemented with small amounts of cod liver oil for 160
days and then bred gave birth to offspring that had developed
ocular, renal, gonadal, auricular, and palatal defects. Some of the
surviving blind pigs when mated with normal pigs did not result in
blindness in the offspring indicating that the anomalies were not
heritable.

Warkany and his associates initiated a series of experiments in
laboratory rats seeking to determine the fetal outcome of maternal
dietary deficiencies during gestation [124-127]. These studies
showed for the first time that the maternal vitamin A deficiency
could induce a predictable pattern of fetal malformations which
could be prevented by exogenous vitamin supplementation. Subse-
quently numerous reports in humans and animal models showed
that excess vitamin A and its metabolites could produce a charac-
teristic constellation of malformations that are dose and develop-
mental stage specific [128-133]. Retinoic acid (RA-all zrans
retinoic acid), the metabolically most active metabolite of vitamin
A, is now known to be a model teratogen and a thoroughly inves-
tigated morphogen, which regulates embryonic cell proliferation,
differentiation, and apoptosis [ 134, 135].

5 Critical Period of Developmental Susceptibility to Retinoids

Numerous clinical case reports have reported a spectrum of cranio-
facial anomalies in infants following prenatal exposure to retinoids
[136-143]. In the 16-month period following its release for the
treatment of cystic acne approximately 120,000 women of child-
bearing age used isotretinoin. Since the deleterious fetal outcome
became obvious, pregnancy prevention programs have been insti-
tuted for women of childbearing age group who intend to use
isotretinoin. However, the drug continues to be used in pregnancy
although significantly less frequently (0.32-0.95 per 1000) than
before [144]. Retinoid use during pregnancy is reported to be
associated with a high incidence of spontaneous abortions (about
20 %) as well as elective medical terminations to avoid birth of
infants with several congenital malformations. Against a back-
ground malformation rate of 3 % in the population, isotretinoin-
exposed pregnancies are reported to have a malformation rate,
which is higher than that of thalidomide (35 % vs. 20 %)
[145-148]. Isotretinoin-exposed pregnancies are further character-
ized by spontaneous abortions elective terminations [148].
The frequency of elective terminations is much higher than previ-
ously reported. There is robust evidence from clinical reports that
retinoid exposure during gestation results in predictable pattern of
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fetal malformations. Commonly observed anomalies include
hydrocephalus, microcephalus, cerebellar hypoplasia, Fallot’s
tetralogy, transposition of great vessels, cardiac septal defects, aortic
arch hypoplasia, thymic hypoplasia/aplasia, spina bifida, and limb
defects. Whereas craniofacial malformations are suggestive of neu-
ral crest sensitivity to retinoids, several organs of non-neural origin
are also affected in retinoid embryopathy. Children that appear
physically normal with no gross malformations at birth are subse-
quently found to have mental retardation and impaired neuropsy-
chological function [148, 149]. Children that appear physically
normal with no gross malformations at birth are subsequently
found to have mental retardation and impaired neuropsychological
function [148]. Clinical observations have been corroborated
by data from well-controlled laboratory animal experiments
[131, 150-156]. Put in perspective these data would indicate that
retinoic acid fulfills satisfactorily all the six Principles of Teratology
that Wilson (1973) [23] enunciated. Clinical studies report that the
critical period of maximum susceptibility to gross malformations in
retinoid exposed pregnancies is weeks 2—5 postconception. How-
ever, one should remember that the pre-implantation period, the
remaining organogenesis period, and the fetal period are not with-
out risk [157, 158].

Retinoic acid (RA) alters embryogenesis in a developmental
stage-dependent manner. It is important to note here that the
amounts and periods of exposure to retinoids differ from pregnancy
to pregnancy which should influence the fetal outcome differen-
tially. Experiments in C3HRIxC57BL10/RI mice [159] indicate
that all-zrans retinoic acid (RA) administered at pre-implantation
and early gastrulation stages (GD 4.5-5.5 postconception) results
in supernumerary and ectopic limb induction, and limb and lower
body duplications indicating that pre-implantation stages of mam-
malian development is susceptible to RA toxicity contrary to “all or
none” refractory period concept [23, 28]. Experiments in TO mice
show that doses higher than 75 mg/kg RA at pre-implantation
stages result in complete failure of implantation. A lower dose
(50 mg/kg) at GD 6.5-7.5 results in significant resorption and
ectopic hindlimbs in the infraumbilical regions, often a single limb
and absence of tail in about 4 % of the survivors (unpublished data).
The susceptibility or lack of susceptibility thus appears to be depen-
dent upon strain of the mice. In addition to the strain differences,
there were methodological differences in experiments conducted in
these two laboratories: whereas Rutledge et al. [159] suspended RA
in DMSO and administered IP, our lab suspended RA (100 mg of
RA) in a mixture of 0.5 ml ethanol plus 4.5 ml corn oil mixture and
administered orally. DMSO possibly allows significantly slower
rates of absorption of RA transperitoneally in contrast to the RA
in ethanol-corn oil mixture via oral route, thus making RA available
to interfere with differentiation of precursor cells of organ
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primordia (caudal somites, hindlimb buds) which were not even
present at the time of treatment. In fact RA as a teratogen is
different from other teratogens in that it defies the developmental
arrest theory by acting on the precursor cells that are destined to
form organs whose primordia do not even exist at the point in time
during development when it is administered. In the mouse, the
forelimb buds appear as a thin ridge opposite somites 8—12 (late TS
[ Theiler Stage] 14, GD 9) when the embryo possesses about 15-20
somites and the hindlimb buds appear when the embryo has devel-
oped about 30-35 pairs of somites (TS 16, GD10) [160]. Various
hindlimb malformation such as unipodia, sympodia, syrenomelia,
and meromelia are induced in TO mouse embryos following a
single dose of (100, 150, or 200 mg) RA administered on GD 8,
when there are only up to seven pairs of somites and the limb buds
are nonexistent [151]. These embryos also completely lacked tails
and possessed severe malformations and /or agenesis of other cau-
dal median structures at term [151].

Liao and Collins [161] observed hindlimb duplications in
about 30 % of embryos of C57 mice following maternal treatment
with RA on GD 5.5. They interpreted the anomalies in terms of the
RA’s ability to induce gene expression for ectopic primitive streaks,
primitive nodes, and notochords as well as inhibition of endoder-
mal and mesodermal cell migration. The visceral, skeletal, and
neural structures that are affected in caudal dysplasia/regression
syndrome in humans arise from caundal eminence (not to be con-
fused with “tail bud” of chick embryos) first identified at Stage 9
between the cloacal membrane and neurenteric canal (Fig. 1 in
O’Rahilly and Muller [162, 163]. Anomalies of the hindlimb,
caudal neural tube, lower body wall, etc. observed in embryos
treated with RA at GD 5.5 [151, 161 ] are a compelling experimen-
tal evidence that refutes the theory of developmental arrest [23]
leading to malformation of an organ in which case the malformed
organ would just resemble in appearance or mirror the stage when
the teratogenic exposure occurred.

An additional fact that RA exemplifies is that certain organs
have more than one phase of sensitivity to a teratogen. Experiments
in Kochhar’s laboratory on DBA /2] and ICR mice revealed two
phases of maximum susceptibility to RA-induced cleft palate sepa-
rated by a narrow window [ 164, 165]. However, this phenomenon
appears to be species and strain dependent. The TO strain shows a
very high incidence of cleft palate in response to RA administered
on one of GD 8 through 13 lending support to a susceptibility
continuum of cleft palate [166]. Although the end result (anom-
aly), namely cleft palate, remains the same, the pathogenetic
mechanisms might be different for the same [167-169]. Retinoic
acid (RA) and valproic acid (VPA) are both well-established terato-
gens, both in humans and laboratory animals. They both are known
to induce anomalies of craniofacial structures of neural crest origin
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and several organs of non-neural origin. A recent European study
on maternal use of valproate monotherapy during first trimester of
pregnancy reveals significant increases in risks for spina bifida, atrial
septal defects, cleft palate, hypospadias, polydactyly, and craniosyn-
ostosis [170]. Short of structural malformations, VPA is also
known to induce dose-dependent cognitive functional impairment
in the offspring even after adjusting for common variables
[171-173]. Maternal exposure to retinoic acid has a similar neuro-
behavioral effect on the offspring [174]. Although such behavioral
anomalies could be attributed to the ability of the drug to alter gene
expression, and inhibit neural and glial cell proliferation, synapto-
genesis and apoptosis as evidenced from animal experiments, the
exact mechanisms in humans remain unclear for now. Prenatal
exposure to RA and antiepileptic agent valproic acid (VPA) also
are known to cause intrauterine growth restriction (IUGR). Both
VPA and RA are structurally weak acids with limited plasma half-
life. However, when it comes to the question of critical periods for
congenital malformations most studies suggest the first trimester as
the most susceptible period. As a fat-soluble vitamin, about 80 % of
consumed vitamin A is stored in the liver; thus even if the mother
discontinues in-taking retinoids, the embryo continues to be
exposed from the reserves. For obvious reasons treatment with
VPA of epileptic pregnant women doesn’t stop abruptly. Continued
treatment with therapeutic agents might cause microscopic struc-
tural changes and suboptimal growth in mid and late gestational
fetuses with lasting functional consequences. Therefore the first-
semester critical period suggestion must be carefully interpreted.
Experimental studies indicate that there are malformation-
specific critical periods with regard to RA and VPA teratogenesis.
The results of Shenfelt’s painstaking experiments with hamster
[132, 133] illustrate clearly this malformation-specific critical per-
iods for maternal RA treatment during gestation There are numer-
ous examples in teratology that illustrate the fact that a certain
malformation could be induced by different teratogens with signif-
icant differences in critical periods. For example, both RA and VPA
induce vertebral and costal malformations and variations (supernu-
merary cervical and lumbar ribs and sternal anomalies) in mouse
embryos. The vertebral anomalies include hemivertebrae, agenesis,
fusion, as well as numerical reduction in presacral vertebrae [175].
The frequency and severity of these anomalies appear to be both
dependent on developmental stage at teratogen administration and
the strain of the mice experimented on. Thus in TO mouse fetuses a
high frequency of cervical and lumbar ribs are induced by maternal
treatment with VPA on GD 7 and GD 8, respectively. Fetuses with
cervical ribs tend to have cervical neural arch anomalies, while
fetuses with lumbar ribs often possess eight pairs of sternal ribs.
In the RA experiments, the critical period for lumbar ribs is GD
8-12 while that for cervical ribs is GD 9-12. Peak incidence of
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cervical ribs occurs following treatment on GD 10 and GD 11;
lumbear rib incidence peaks are observed when treatment occurs on
GD 8 and 11. The total number of presacral vertebrae is reduced
from 26 to 25 and restricted to GD 7 (30 %) and GD 8 (18 %) of
VPA treatment. The reduction is more severe (from 26 to as few as
23) in GD 8 VPA treatment. The critical period for RA-induced
reduction in presacral vertebrae extends to GD 9. Thus VPA has a
narrow window (GD 7 and 8) whereas RA has a longer window
(GD 9-12) of susceptibility for the sternal defects. These axial
skeletal malformations may be mediated by virtue of the ability of
RA and VPA to alter gene expression [176, 177] or to induce
histone deacetylation inhibition (HDACi) and epigenetic modifi-
cation as suggested by Menegola et al. [178, 179].

6 Summary
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enhanced our understanding of teratogenic mechanisms. This
paper looked at Wilson’s principle of teratogenic susceptibility in
the context of susceptible periods during development in relation
to three model teratogens, namely ionizing radiation, congenital
rubella, and retinoids. In view of the newer data in this area, it is
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Abstract

This chapter reviews the current regulatory considerations for reproductive and developmental toxicology
testing specifically relating to pharmaceuticals and biopharmaceuticals. A brief history of the regulatory
perspective of drugs which provides background to the current study designs presented in the chapter is
discussed. The initial FDA guidelines and the subsequent International Conference on Harmonisation
(ICH) S5(R2) currently used for the assessment of potential developmental and reproductive toxicity for
safety evaluations of medicinal products are in some measure a testament of the endeavor of government
authorities to prevent future tragedies, such as that of Thalidomide. The chapter incorporates reviews of the
basic requirements for Conducting Fertility, Embryo-Fetal Development, and Prenatal and Postnatal
Developmental Toxicology Studies as core components of pharmaceutical drug development programs.
With the increase in biopharmaceutical development, the chapter also includes consideration for evaluating
Reproductive and Developmental Toxicity in nontraditional animal models. Alternative methods for
in vitro evaluations of reproductive and developmental toxicology are also reviewed in this chapter.

Keywords: Fertility and early embryonic development, Embryo—fetal development, Prenatal and
postnatal developmental toxicity, Dose selection, Maternal observations, Postweaning assessments,
Nonhuman primate, Juvenile toxicity studies, Embryonic stem cell test, Whole embryo culture,
Zebrafish embryotoxicity test

1 Overview and Historical Background of Regulations and Guidelines
for Reproductive and Developmental Toxicology Assessments

1.1 Background The current regulatory environment relating to safety evaluations in
and Historical the nonclinical development of potential new pharmaceuticals is the
Perspective result of a tragedy experienced by thousands of families worldwide

induced by Thalidomide. Thalidomide first developed by Chemie
Griinenthal in West Germany was launched as Contergan (Thalido-
mide) in 1957 and by 1960 Thalidomide was being marketed by
at least 14 firms in many countries under 37 different trade names
and was even sold in many countries without a prescription [1].
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The manufacturer and distributors touted Thalidomide as safe and
effective for numerous conditions including nausea and morning
sickness during pregnancy. Widespread use of Thalidomide resulted
in fetal deaths and deformities in children born after their mothers
used it during pregnancy and by November 1961, thalidomide was
taken off the market due to massive pressure from the press and
public. It was later found to be teratogenic in fetal development,
most visibly as a cause of amelia or phocomelia as the drug is a
angiogenesis inhibitor—interfering with blood vessel development,
especially if taken during the first 25-50 days of pregnancy [2, 3].
In the late 1950s and early 1960s, more than 10,000 children in 46
countries were born with deformities such as phocomelia as a conse-
quence of thalidomide use [2]. It is not known exactly how many
worldwide victims of the drug there have been, although estimates
range from 10,000 to 20,000 [1].

Despite of the reports of major birth defects being attributed to
Thalidomide in Europe, Japan and Australia, the William S. Merrill
Company attempted to market Thalidomide as a sedative in the
USA. In September 1960 the FDA received a New Drug Applica-
tion from Merrell that requested approval for thalidomide. The
NDA provided by Merrell contained data from previous animal
and human studies indicating at the therapeutic human dosage it
was both safe and effective [4]. Since thalidomide was already
widely used in many other countries (presumably), approval of
the NDA was thought to be routine and was assigned to the
agency’s newest medical officer, Dr. Frances Oldham Kelsey. Kelsey
later explained that “They gave it [the NDA for thalidomide ] to me
because they thought it would be an easy one to start on. As it
turned out, it wasn’t all that easy.” [5] Under the laws in place at
that time, Merrell would have been able to market thalidomide if it
had not heard back from the FDA within 60 days of submitting its
application. Therefore, if Dr. Kelsey had done nothing, the drug
would have been marketed. Indeed, Merrell was poised to begin
distribution in the USA having brought in at least 5 t of the drug to
its warehouses [6]. Fortunately the company was prevented by
FDA medical officer Frances Kelsey, Ph.D., M.D., who refused to
approve the drug application because of insufficient safety data,
with the submitted evidence being more anecdotal than clinical.

Five months after the NDA was submitted, in February 1961, a
letter published in the British Medical Journal reported the possible
occurrence of peripheral neuritis (deterioration of the nerves in the
hands and feet) in patients who had used thalidomide over a long
term. While the NDA was never approved Thalidomide the FDA
discovered that many of the doctors had received the drug from
Merrell and that more than 2,500,000 tablets had been distributed
to over 20,000 patients of whom 624 were reported to have been
pregnant. Eventually well-documented cases were found where
women who had received thalidomide in the USA during preg-
nancy delivered seriously deformed babies [5].
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1.2 Early Guidelines

During the time that the Merrell Company was seeking
approval for the drug, they stated that the drug had been so widely
used in Europe that any adverse effects on a fetus would have been
reported. It turned out, however, that a group at Bonn University
in Germany had noticed an increased incidence of babies born in
their hospital with badly deformed extremities, as early as 1959.
They learned that a similar increase in such deformities was
reported in England and in Sweden. The Bonn investigators sus-
pected thalidomide might be associated with the deformities but
gave up the idea after finding out that similar increases in birth
defects had not been noted in the USA or Canada. The Bonn
researchers had assumed that thalidomide was available in the
USA based on statements in the promotional literature of the
German firm, and so did not realize that thalidomide was indeed
the culprit [7].

The tragedy of thalidomide led to changes that strengthened both
the regulatory and scientific environment for development and
review of pharmaceutical products in the USA. In response to the
public uproar, in 1962 Congress enacted the Kefauver-Harris
amendments to the Federal Food, Drug and Cosmetic Act. Thanks
to these new amendments, manufacturers had to prove that a drug
was not only safe, but also effective. Approvals had to be based on
sound science. Companies had to monitor safety reports that
emerged post-market and adhere to good manufacturing practices
that would lead to consistently safe products including new protec-
tions for patients. This resulted in an intensive increase in animal
testing across a broad range of species in varying stages of preg-
nancy and life cycle [8].

The new authorities given to FDA by the Kefauver—Harris
Amendments were that:

e Manufacturers required to prove the effectiveness of drug pro-
ducts before they go on the market, and afterwards report any
serious side effects.

¢ Evidence of effectiveness should be based on adequate and well-
controlled clinical studies conducted by qualified experts. Study
subjects would be required to give their informed consent.

e FDA given 180 days to approve a new drug application, FDA
approval required before the drug could be marketed in the
USA.

¢ FDA mandated to conduct a retrospective evaluation of the
effectiveness of drugs approved for safety—but not for
effectiveness—between 1938 and 1962.

e FDA given authority to set good manufacturing practices for
industry and mandated regular inspections of production
facilities.
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e FDA given control of prescription drug advertising, which
would have to include accurate information about side effects.

e Controlled marketing of generic drugs to keep them from
being sold as expensive medications under new trade names

The genesis of subsequent regulatory requirements by FDA
(and eventually other regulatory authorities) for assessing the possi-
ble reproductive and developmental effects in humans can be directly
attributed to Thalidomide and the public outrage which occurred
from this tragedy. As required by the Kefauver-Harris Amendments,
FDA promulgated “Guidelines for Reproductive Studies for Safety
Evaluation of Drugs for Human Use” in 1966 [9].

These guidelines encompassed three test intervals: Phase I
(Segment I), with pre-breeding and mating exposures, to provide
information on possible effects on breeding, fertility, implantation,
preimplantation and postimplantation development; Phase II (Seg-
ment IT), with exposures during major organogenesis, to provide
information on possible effects on in utero survival and morpho-
logical growth and development, including teratogenesis; and
Phase III (Segment III), with exposures from the onset of the
tetal period through weaning of the offspring, to provide informa-
tion on parturition, lactation, late intrauterine (fetal) and postnatal
growth and development, puberty, and reproductive function of F1
offspring [10, 11].

Following the 1966 Guidelines, [12] other countries promul-
gated laws, regulations and guidelines for reporting and evaluating
the data on safety, quality and efficacy of new medicinal products.

e Japanese Guidelines of Toxicity Studies, Notification No. 118
of the Pharmaceutical Affairs Bureau, Ministry of Health and
Welfare. 2. Studies of the Effects of Drugs on Reproduction,
Yakagyo Jiho Co., Ltd., Tokyo, Japan, 1984 [13].

e Canada Ministry of Health and Welfare, Health Protection
Branch, The testing of chemicals for carcinogenicity, mutage-
nicity and teratogenicity. The Ministry of Ottawa, 1973 [14].

¢ UK, Committee on Safety of Medicines: Notes for guidance on
reproduction studies, Department of Health and Social Secu-
rity, Great Britain, 1974 [15].

¢ Organization for Economic Cooperation and Development
(OECD), Guideline for Testing of Chemicals: Teratogenicity,
Director of Information, Paris, France, 1981 [16].

Concurrently there was a realization of a divergence of regula-
tions in the global market which created duplication of nonclinical
safety studies, added expenses, and delayed development time to all
potential pharmaceuticals products.
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1.3 ICH
Establishment
and Guidelines

The need for harmonization of the regulatory requirements for
pharmaceuticals was recognized after the proliferation of regula-
tions and guidelines for reporting and evaluating safety data. By the
1980s, the European Union moved towards the development of a
single market for pharmaceuticals. At the same time there were
bilateral discussions between Europe, Japan, and the USA on pos-
sibilities for harmonizing regulations and with input from the
WHO International Conference of Drug Regulatory Authorities
(ICDRA), in Paris, in 1989 a specific plan was instituted. The birth
of ICH took place at a meeting in April 1990, hosted by European
Federation of Pharmaceutical Industries and Associations (EFPIA)
in Brussels. Representatives of the regulatory agencies and industry
associations of Europe, Japan, and the USA met, primarily, to plan
an International Conference but the meeting also discussed the
wider implications and terms of reference of ICH. At the first
ICH Steering Committee (SC) meeting of ICH the Terms of
Reference were agreed and it was decided that the Topics selected
for harmonization would be divided into Safety, Quality and Effi-
cacy to reflect the three criteria which are the basis for approving
and authorizing new medicinal products [17].

One of the first Guidelines agreed to and finalized by ICH was
The ICH Harmonised Tripartite Guideline Detection of toxicity
To Reproduction For Medicinal Products and Toxicity S5(R2)
Detection of Toxicity to Reproduction for Medicinal Products &
Toxicity to Male Fertility which was finalized in 1993 with the
addendum for male fertility being finalized in 1995[18]. The stated
intent of S5(R3) is “to consolidate a strategy based on study designs
currently in use for testing of medicinal products; it should encour-
age the full assessment on the safety of chemicals on the development
of the offspring. It is perceived that tests in which animals are treated
during defined stages of reproduction better reflect human exposure
to medicinal products and allow more specific identification of stages
at risk. While this approach may be useful for most medicines, long
term exposure to low doses does occur and may be represented
better by a one or two generation study approach.

The actual testing strategy should be determined by:

e anticipated drug use especially in relation to reproduction,

e the form of the substance and route(s) of administration
intended for humans

¢ making use of any existing data on toxicity, pharmacodynamics,
kinetics, and similarity to other compounds in structure/
activity.”

The guideline is designed to allow flexibility for testing strate-
gies and is intended to allow scientists to design studies to best
evaluate safety in the animal studies to the intended use of the drug
in humans [18].
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1.4 Reproductive Life
Cycle and ICH
Approach

The reproductive life cycle of humans is complex and a combination
of studies will be required to allow exposure of mature adults and all
stages of development from conception to sexual maturity. To allow
detection of immediate and latent effects of exposure, observations
should be continued through one complete life cycle, i.e., from
conception in one generation through conception in the following
generation. For convenience of testing this integrated sequence can
be subdivided into the following stages:

A. Premating to conception (adult male and female reproductive
functions, development and maturation of gametes, mating
behavior, fertilization).

B. Conception to implantation (adult female reproductive func-
tions, preimplantation development, implantation).

C. Implantation to closure of the hard palate (adult female repro-
ductive functions, embryonic development, major organ
formation).

D. Closure of the hard palate to the end of pregnancy (adult female
reproductive functions, fetal development and growth, organ
development and growth).

E. Birth to weaning (adult female reproductive functions, neonate
adaptation to extrauterine life, preweaning development and
growth).

F. Weaning to sexual maturity (postweaning development and
growth, adaptation to independent life, attainment of full sexual
function).

Stages A and B are assessed in fertility and early embryonic
development to implantation study (ICH 4.1.1). An embryo—fetal
development (EFD) study encompasses stage C, whereas the
assessment of prenatal and postnatal development (ICH 4.1.2)
comprises Stage D, F. In Nonhuman Primates (NHPs), the poten-
tial adverse effects of drugs of a drug product on different stages of
reproductive cycle defined as stages A—F cannot be fully assessed as
in rodents and rabbit. Full assessment of stage A is not feasible,
stage B cannot be easily evaluated because the earliest dosing of
pregnant monkey is on GD 20 with the implantation window of
cynomolgus monkeys ranging between GD 9 to GD 15. Stage C is
assessed in NHP DART study. The enhanced prenatal and postnatal
development (ePPND) study in NHP involves assessment of stage
D, E of reproductive cycle, but rather than the examination of the
neonate being extended to weaning, it limits the evaluation of
adaptation of the neonate to extrauterine life and may include
preweaning development and growth [19].

The reproductive cycle while defined in segments above is
continuous and therefore a toxic insult can occur in one part
of the cycle while having consequences in another part of the



Nonclinical Safety Assessment of Developmental and Reproductive Toxicology. .. 49

1.5 ICH Stages of
Development

cycle. An example would be exposure of gametes (either sperm or
eggs) to a toxic insult which would not be observed until later in
the reproductive cycle, i.e., an affect on mating resulting in reduced
fertility. The ICH study designs allow evaluation of both the male
and female components of mating and fertility. Effects can also
occur across generations depending on the timing of exposure.
One of the critical findings from studies conducted on Thalidomide
was that the timing of exposure as to gestational age of the fetus is
critical for the malformations which were observed. Other tragedies
such as children exposed to methyl mercury (Minamata Disease) as a
result of maternal ingestion resulted in severe impairment of central
nervous system development including: mental retardation, cerebel-
lar ataxia, physical growth disorder, dysarthria, and limb deformities.
Most of them showed hyperkinesis, hypersalivation, seizures, and
strabismus [20] While there were only trivial or no symptoms of
intoxication in mothers, infants showed central nervous disturbances
such as paralysis and intelligence disorders [21]. This tragedy
brought to light the need to consider late gestational and postpartum
exposures as part of a complete nonclinical safety package. Pediatric
and juvenile toxicology studies are now routinely conducted as part
of a nonclinical safety package if exposures during the critical periods
of neonatal and juvenile development are expected.

ICH Stages of Development are delineated in six stages and defined
accordingly:

A. ICH Stage A: Premating to conception. This stage evaluates
reproductive functions in adult males and females, (development
and maturation of gametes, mating behavior, fertilization). This
stage evaluates reproductive function in mature adults (male and
female). The timing of pregnancy in this stage has been defined as
the time spermatozoa are first identified either by vaginal smear or
observation of a vaginal plug in rodents.

B. ICH Stage B: Conception to implantation (adult female reproduc-
tive functions, preimplantation development, implantation).

Stage B examines reproductive function in females preimplan-
tation and implantation for the conceptus. This period in
rodents and rabbits is gestation day 6 or 7 of pregnancy depend-
ing on species.

Stages A and B are evaluated in the study design for the
Fertility and Early Embryonic Development to Implantation
design as outlined in ICH 4.1.1. This design corresponds to
what was formerly known as the Segment I Study. ICH Stages A-
B are graphically represented in Fig. 1.

C. ICH Stage C: Implantation to closure of the havd palate (adult
temale reproductive functions, embryonic development, major
organ formation). Stage C evaluates toxicity to the female
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ICH 4.1.1: Fertility Study in Rats
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Fig. 1 ICH 4.1.1: Fertility study in rats

reproductive function from implantation through embryonic
development and the period of major organogenesis in the
developing fetus. The period of embryogenesis is completed
with the closure of the hard palate which varies slightly as to
gestational age depending on species used.

. ICH Stage D: Closure of the bard palate to the end of pregnancy

(adult female reproductive functions, fetal development and
growth, organ development and growth). Stages C and D are
evaluated in the Embryo—Fetal Toxicity Study which covers the
developmental period from implantation, organogenesis, clo-
sure of the hard palate through fetal growth. ICH Stages C-D
are graphically represented in Fig. 2.

. ICH Stage E: Birth to weaning (adult female veproductive func-

tions, neonate adaptation to extranterine life, preweaning devel-
opment and growth). This stage focuses on female reproductive
functions including parturition, maternal care postpartum, lac-
tation and nursing behavior, and overall litter care and survival of
F1 pups.

. ICH Stage F. Weaning to sexual maturity. Typically Stage F is

evaluated when a pharmaceutical product is intended for use in
children. This ICH stage provides observations of postweaning
development and growth, (adaptation to independent life,
attainment of full sexual function). ICH Stages E-F are graphi-
cally represented in Fig. 3.
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ICH 4.1.3: Embryo-fetal Development
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Fig. 2 ICH 4.1.3: Embryo—fetal development (segment II)
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The ICH guidelines recommend:

1. Studies should be planned according to the “state of the art,”
and take into account preexisting knowledge of class-related
effects on reproduction.

2. Scientific justification and flexible study designs to meet the
needs of the use of the drug;

. Kinetics to support interpretation of results;
. Expanded male reproductive toxicity evaluations

. Mechanistic studies if possible;

[© NS 2 S NN

. Consideration of all endpoints of developmental toxicity
(embryo—fetal loss, malformations, reduced weights, and func-
tional /behavioral deficits).

2 Current ICH Study Designs

2.1 ICH Study

of Fertility and Early
Embryonic
Development

to Implantation

(ICH 4.1.1)

Evaluates the toxic effects/disturbances resulting from treatment
from before mating (males/females) through mating and implan-
tation. This comprises evaluation of stages A and B of the repro-
ductive process (See Fig. 1). For females, this should detect effects
on the estrous cycle, tubal transport, implantation, and develop-
ment of preimplantation stages of the embryo. For males it will
permit detection of functional effects (e.g., on libido, epididymal
sperm maturation) that may not be detected by histological exam-
inations of the male reproductive organs. Species selection is dis-
cussed in another section of this chapter; however, the rodent is
typically utilized for the Fertility and Early Embryonic Development
to Implantation Study due to the extensive historical control data-
base established and the relative ease of assessing the reproductive
parameters including: maturation of gametes, mating behavior, fer-
tility, preimplantation stages of the embryo, and implantation [22].

The pre-ICH fertility study design (Segment 1) included some
major differences from the current ICH 4.1.1 study design includ-
ing treatment of male rats with the test compound for 60-80 days
prior to mating to cover a complete spermatogenic cycle in the rat.
Female rats were treated for 14 days (at least three estrous cycles),
then mated to the treated males. Dosing was continued throughout
pregnancy, with half of the females euthanized on day 13 post-
coitus (pc) and examined for number and distribution of live and
dead embryos (the day of confirmation of mating is designated as
Gestation Day [GD] 0). The remaining dams were allowed to litter
and the newborn pups were counted, examined, sexed, and
weighed. Pups were counted and weighed again on postnatal days
4 and 21. A major change is the reduction in the premating dose
period for males which was shortened from 70 to 28 days (4 weeks)
premating. This change was made because compounds inducing
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2.2 Species
Selection

selective effects on male reproduction are rare; and there is no
conclusive example of a male reproductive toxicant where dosing
for 9-10 weeks and mating them with females provides data that
could not be obtained with the shorter dose period outlined in the
ICH Fertility study. Data on the potential effects on spermatogen-
esis is best obtained in repeated dose toxicity studies which include
histopathologic evaluation of the testis. This allows the ICH fertil-
ity study to focus on other, more immediate toxicity to the male
and female reproductive systems. In the rodent the full sequence of
spermatogenesis (including sperm maturation) lasts 63 days. If
there is some indication of histopathologic changes in the repeat-
dose studies the dose period for males can be adjusted to cover a full
spermatogenic cycle [23].

The design of the fertility study, especially the reduction in the
premating dosing period for males, is based on evidence accumu-
lated and re-appraisal of the basic research on the process of sper-
matogenesis that originally prompted the demand for a prolonged
premating treatment period. Compounds inducing selective effects
on male reproduction are rare; mating with females is an insensitive
means of detecting effects on spermatogenesis; good pathological
and histopathological examination (e.g., by employing Bouin’s
fixation, paraffin embedding, transverse sections of 2—4 pum for
testes, longitudinal sections for epididymides, PAS and hematoxylin
staining) of the male reproductive organs provides a more sensitive
and quicker means of detecting effects on spermatogenesis; com-
pounds affecting spermatogenesis almost invariably affect postmeio-
tic stages; there is no conclusive example of a male reproductive
toxicant, the effects of which could be detected only by dosing
males for 9-10 weeks and mating them with females [22]. The
standard duration of the ICH fertility study in the rat is approxi-
mately 7 weeks, which includes 4 weeks of treatment for the males
and 2 weeks of treatment for the females prior to mating, mating and
the females are examined on day 13 of gestation (Day 0 determined
by evidence of mating). However, if repeated dose toxicity studies
(general toxicology studies) show there are effects on weight or
histology of reproductive organs in male or female rats, the need
for a more comprehensive study should be considered. Among the
possibilities are a male fertility study with an extended administration
period, and a mating period after 10 weeks of dosing (the time it
takes for a spermatogonium to become a functional mature sperm),
rather than 4 weeks of premating dosing. In the event effects on
fertility are expected (as they would be with certain classes of drugs,
e.g., contraceptives, oncology drugs, steroids) a recovery period
should be included in the study design.

As stated in the ICH Guideline the fertility study should be con-
ducted in a mammalian species. It is generally desirable to use the
same species and strain as in other toxicological studies. There are
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scientific justifications for this as the early toxicology studies estab-
lish appropriate dose regimens and toxicokinetic information that
can directly apply to the design of the study. Reasons for using rats
as the predominant rodent species are practicality, comparability
with other results obtained in this species and the large amount of
background knowledge accumulated. For some compounds the
most appropriate species may be another rodent such as the
mouse. Other species may be appropriate but the reproductive
cycle of the particular species must be taken into account when
designing the study.

Each species has advantages and disadvantages. Rats and to a
lesser extent mice, are good, general purpose models; the rabbit has
been somewhat neglected as a “non-rodent” species for repeated
dose toxicity and other reproduction studies than embryotoxicity
testing. It has attributes that would make it a useful model for
fertility studies, especially male fertility. For both rabbits and dogs
(which are often used as a second species for chronic toxicity
studies) it is feasible to obtain semen samples without resorting to
painful techniques (electro-ejaculation) for longitudinal semen
analysis. Most of the other species are not good, general purpose
models and probably are best used for very specific investigations
only. The general principle here as with other toxicology studies is
to select the most appropriate species based on the evidence that
the compound being tested is pharmacologically/toxicologically
active in the species selected.

All species have their disadvantages, for example:

1. Rats: sensitivity to sexual hormones, unsuitable for dopamine
agonists due to dependence on prolactin as the primary hor-
mone for establishment and maintenance of early pregnancy,
highly susceptible to nonsteroidal anti-inflammatory drugs in
late pregnancy.

2. Mice: fast metabolic rate, stress sensitivity, malformation clus-
ters (which occur in all species) particularly evident, small fetus.

3. Rabbits: often lack of kinetic and toxicity data, susceptibility to
some antibiotics and to disturbance of the alimentary tract,
clinical signs can be difficult to interpret.

4. Guinea pigs: often lack of kinetic and toxicity data, susceptibil-
ity to some antibiotics and to disturbance of the alimentary
tract, long fetal period, insufficient historical background data.

5. Domestic and/ or mini pigs: malformation clusters with variable
background rate, large amounts of compound required, large
housing necessary, and insufficient historical background data.

6. Ferrets: seasonal breeder unless special management systems
used (success highly dependent on human /animal interaction),
insufficient historical background data.
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2.3 Considerations
for Alterations in Study
Design

2.4 Dose Selection

7. Hamsters: intravenous route difficult if not impossible, can hide
doses in the cheek pouches and can be very aggressive, sensitive
to intestinal disturbance, overly sensitive teratogenic response
to many chemicals, small fetus.

8. Dayys: seasonal breeders, inbreeding factors, insufficient histori-
cal background data.

9. Nonhuman primates: kinetically they can differ from humans as
much as other species, insufficient historical background data,
often numbers too low for detection of risk. They are best used
when the objective of the study is to characterize a relatively
certain reproductive toxicant, rather than detect a hazard [18]

There are iterations on the standard fertility protocol if indications
from previous toxicology studies indicated there may be a sex
difference in the toxicology profile of the compound. In this case,
untreated males can be mated to treated females with these males
then being treated and mated to untreated females. Separate effects
can then be evaluated by this selective dose design.

Another alternate design is to increase the number of animals in
the control and high dose groups and employ a cross mating design
between the two groups. This design can also be employed to
evaluate sex related differences in fertility. In design, the study
would initiate with the standard 2-week treatment period for the
females which are then mated to untreated males. These males
would then initiate their treatment period and then be mated to
untreated females.

While not commonly employed, the female treatment period
can be extended to gestation day 17 or 19 with a caesarian section
exam on gestation day 21. There is overlap of course with the
embryo—fetal developmental toxicity study but in some cases this
is a viable option. This design combines assessment of male and
female fertility, reproductive performance and developmental
toxicity.

Extension of the female dose period is also possible from gesta-
tion and then through parturition to lactation Day 21. As compo-
nents of this design are evaluated in other study designs this
scenario is not commonly employed.

The main objective of regulatory toxicology studies is to establish
the potential hazards associated with the test item by identifying
potential organ toxicity. For the fertility study design dose selection
is critical to establishing toxicity to the male and female reproduc-
tive systems. The primary parameter used in dose selection is the
tolerability of the test item in animals. Tolerability is determined
during toxicity testing in single and multiple dose studies con-
ducted prior to initiation of the fertility study by observations
such as clinical signs, reductions in body weight or changes in
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food consumption. Key parameters such as systemic exposure and
histopathology may also be used to support dose selection. The
clinical condition of an animal usually gives an initial indication that
the test item is causing systemic toxicity. The current Committee
for Proprietary Medicinal Products (CPMP) note for guidance on
repeated dose toxicity studies indicates that doses should be
selected to establish a dose or exposure response to treatment.
Most study designs incorporate the use of three dose groups of
animals receiving the test item, at low, intermediate and high doses,
plus a control group which receives vehicle alone. Regulatory
authorities expect the high dose selected for regulatory nonclinical
toxicology studies to produce evidence of toxicity [24]. The CPMP
guidance also indicates that the high dose should be selected to
enable identification of target organ toxicity, or other nonspecific
toxicity, or until limited by volume or limit dose [25].

There are five general criteria for defining the high dose in a
toxicology study. These are (1) maximum tolerated dose, (2) limit
dose, (3) top dose based on saturation of exposure, (4) maximum
feasible /practical dose, or (5) dose providing a 50-fold margin of
exposure. A more complete discussion of dose selection can be
found in a description of the options for selecting the high dose
in general toxicity studies see ICH guidance M3 (R2) [25].

The fertility study is typically conducted following the IND
enabling studies which depending on the test article will include
multiple dose toxicity study data which can be used to set doses for
the fertility study. Often the 90-day study will be completed and
histopathologic data from the males will be used to determine the
most appropriate dose period for the males in the fertility study. If
only data from the 28-day toxicity study are available, a longer dose
period for the males should be considered particularly if there is
evidence of effects on reproductive organ weights. This is applicable
for both males and females and should be utilized in the design of
the fertility study as discussed above in Considerations for Altera-
tions in Study Design.

Determination of the high dose should use data obtained from
repeat dose toxicity studies or from preliminary reproduction stud-
ies. Parameters such as: reduction in bodyweight gain, increased
bodyweight gain, particularly when related to perturbation of
homeostatic mechanisms, specific target organ toxicity, hematol-
ogy, clinical chemistry, exaggerated pharmacological response,
which may or may not be reflected as marked clinical reactions
(e.g., sedation, convulsions). Additional considerations should
include the physicochemical properties of the test substance or
dosage formulation which, allied to the route of administration,
may impose practical limitations in the amount that can be admi-
nistered. Under most circumstances 1 g/kg/day should be an
adequate limit dose. Pharmacokinetic parameters should also be
assessed as they are useful in determining high dose exposure for
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2.5 Number

of Animals and
General Study Design
Considerations

low toxicity compounds. There is, however, little point in increas-
ing administered dosage if it does not result in increased plasma or
tissue concentration. Once the high dosage has been set, lower
dosages should be selected in a descending sequence, the intervals
depending on kinetic and other toxicity factors. If at all possible, it
is recommended a “no observed adverse effect level,” should be
given priority when setting the low and mid dosages. The selection
of the mid dose is typically chosen as an interval between the low
and high doses, however, its selection should include dosage inter-
vals close enough to reveal any dosage related trends that may be
present.

Most study designs for the fertility study include 20-25 animals per
sex per group. The number of animals per group is larger than the
number typically included in the standard repeat dose toxicity tests.
This is done to increase the power of the tests and assessments
conducted in the fertility study such as sperm evaluations, estrus
cycling, and mating behavior as these evaluations are typically only
done in this study whereas other parameters such as body weights
and histopathology are repeatedly evaluated in the standard toxicity
tests.

3 Fertility and Reproduction Evaluation

3.1 Female Fertility
Evaluation

3.1.1 Parameters

Parameters that should be included in the evaluations of Fertility
and Early Embryonic Development include those conducted in
general toxicity studies: body weights, food consumption, clinical
observations, and toxicokinetic evaluations. In addition, the fertil-
ity study also evaluates female reproductive parameters including:
estrus cycling evaluations, mating behavior, fertility assessments,
ovarian (weight and number of corpora lutea) and uterine exam-
inations which include implantation counts, and an assessment of
viability of implantations. Organ weights and histopathologic eva-
luations of the reproductive organs for both males and females are
required to fully examine the effects of the test article on fertility
and reproduction. For the males, evaluation of sperm for total
count, concentration, motility, and morphology add to the overall
assessment of reproductive function.

Estrus Cycling Evaluation is relatively easy to conduct in the
commonly used rodent species (rat and mouse) by a vaginal swab or
lavage followed by visual assessment of the cells in the wash by
trained technicians. In rodents, there are four stages defined by cell
type: proestrus, estrus, metestrus, and diestrus which repeat every
4-5 days unless interrupted by pregnancy, pseudopregnancy, or
anestrus. While the estrus cycle is defined by stages determined by
the hormonal status of the female it is important to understand
there is a continuum and visual assessment should be conducted by
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experienced evaluators. When the female is in proestrus, mostly
nucleated and some cornified epithelial cells are present. Some
leukocytes may be present if the female is in early proestrus. As
the stage of the cycle advances to estrus, mostly cornified epithelial
cells are present. If the cycle is not interrupted by pregnancy,
pseudopregnancy, or other phenomena, metestrus will begin. Met-
estrus is a brief stage when the corpora lutea form but fail to fully
luteinize due to alack of progesterone. The uterine lining will begin
to slough and evidence of this is seen in the form of cornified
epithelial cells and polymorphonuclear leukocytes present in vagi-
nal swabs. Some nucleated epithelia cells will also be present in late
metestrus. Diestrus is the longest of the stages lasting more than
2 days. Vaginal swabs during diestrus show primarily polymorpho-
nuclear leukocytes and a few epithelial cells during late diestrus.
Leukocytes remain the predominant cell type having removed cel-
lular debris. The cycle then repeats [26]. In the fertility study estrus
cycling is evaluated during the 14 day pre-dose period the 14 day
and continues through cohabitation and until confirmation of
mating. Abnormally cycling females in the pre-dose period should
be excluded from the study prior to dose administration. If ham-
sters are used the evaluation of estrus cycling is similar but should
also include visual observation of the vaginal opening and periva-
ginal area for evidence of vaginal discharge. In the event the guinea
pig must be used (which is rare) assessment of estrus (cycle is up to
18 days) is not practical due to the closure of the vaginal opening by
a membrane.

For rodents mating should be done on a 1:1 ratio to allow for
casy evaluation of an effect on fertility. Mating/copulation in rats,
mice, and hamsters is confirmed by presence of sperm in the vaginal
smear or presence of a copulatory plug in situ. For rodents mating
performance is commonly measured by the following endpoints:

1. Number of days in cohabitation
2. Number of females confirmed mated

3. Pregnancy index calculated by total population per group
(% pregnant/number females cohabited) and inseminated pop-
ulation per group (% pregnant/number inseminated).

In the event a female does not mate with the paired male during
the first cohabitation period, she may be paired with another male
and the period of the second cohabitation should be recorded
along with identification of the second male and whether mating
occurs (or not). There are a number of confounding factors that
can affect mating behaviors particularly in mice such as environ-
mental conditions or changes in housing. For rats mating behavior
can also be affected by changes in photoperiod, nutrition, stress,
and compounds that affect the endocrine system.
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3.1.2  Evaluation of
Mating Success:
Preimplantation Loss,
Implantation Loss,

and Implantation Viability

3.1.3 Ovarian Evaluation
and Follicular Count

Mated females are euthanized and evaluated typically on gestation
day 13 close to the beginning of the fetal period and a laparotomy is
conducted to examine the number and status of implantation sites.
At necropsy the ovaries are examined for corpora lutea and the total
number of corpora lutea are compared to the number of total
implantations.

Preimplantation loss: (number of implantation site — number
of fetuses/number of implantation sites x 100)

Postimplantation loss: (number of implantation sites — num-
ber of fetuses/number of implantation sites x 100)

Implantation Viability: (number of live fetuses /number of fetal
deaths).

An optional assessment for evaluating potential effects of the female
reproductive function is via evaluation of ovarian toxicity by com-
prehensive histopathological examination of the female reproduc-
tive organs based on the underlying morphology of a normal cycle
of the reproductive tract including the ovary to identify pathologi-
cal findings of ovarian toxicity (decreases in follicles, increases in
atretic follicles, increases in currently formed corpora lutea, etc.)
can be a useful toll to evaluate effects reflected in the female fertility
parameters (irregular estrous cycle, preimplantation loss).
Accurate estimation of the number of ovarian follicles at various
stages of development is an important indicator of the process of
folliculogenesis in relation to the endocrine signals and paracrine/
autocrine mechanisms that control the growth and maturation of
the oocytes and their supporting follicular cells [27]. Ovarian his-
topathology can be a useful assessment tool in the fertility study to
evaluate the development of follicles within the ovary. Ovaries are
under the tight control of both hormones and growth factors.
Stimulation of follicular growth and the accompanying develop-
mental arrest of most follicles lead to the cyclical nature of mamma-
lian female reproduction, and ultimately the release of viable
oocytes [28]. The complement of developing follicles within the
ovary originates from and is dependent on the immature non-
growing stock of primordial follicles. Coordinated entry of these
follicles into the growth phase controls the rate at which the follic-
ular reserve is depleted [28-31]. Evaluation of the ovary is an
important endpoint in toxicological assessments since the loss of
oogonia, oocytes, or supportive somatic cells may have adverse
effects on reproduction. Properly conducted follicle counts can
supplement qualitative ovarian assessment to characterize ovarian
toxicants, understand their site of action, and assess primordial
follicle integrity when ovarian lesions are subtle. However it should
be recognized that data generated from follicle counts can be highly
variable, making interpretation difficult. When depletion or lesions
of small follicles are clearly identified during a qualitative histologic
examination, follicle counts may add little or no additional
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3.2 Male Fertility
Evaluation

information for chemical hazard identification. The evaluation of
ovarian toxicity should use a weight-of-evidence approach, consid-
ering the qualitative histopathology data and other available data
(fertility data, clinical observations, organ weights, male reproduc-
tive toxicity data, etc.). The examination should be conducted by a
toxicologic pathologist familiar with the normal reproductive cycle
in the species, and should include evaluation of all major components
of the ovary (follicles, corpora lutea, stroma, interstitium, and vascu-
lature), with special attention given to the qualitative assessment of
primordial and primary follicles. This qualitative assessment of ovar-
ies should be done in conjunction with microscopic evaluation of the
entire reproductive tract, and with consideration of all ancillary
reproductive data (organ weights, estrous cyclicity, etc.) [32].

In ICH S5 A and B Detection of Toxicity to Reproduction for
Medicinal Products & Toxicity to Male Fertility states that: “infor-
mation on potential effects on spermatogenesis can be derived from
repeated dose toxicity studies” [ 18]. The original ICH S5 guideline
(1993) was amended in 1996 with Part II: Toxicity to Male Fertil-
ity which incorporated into the core guideline that sperm analysis
(sperm counts, sperm motility, sperm morphology) is optional and
may be used to confirm findings by other methods or to character-
ize effects further. Sperm analysis may be added to the study design
it general toxicology studies suggest an effect on the testicular
epithelium or other reproductive organs, or if fertility is noted to
be affected in an ongoing male fertility study. Unlike humans
laboratory species such as rodents are likely better able to sustain
reductions in sperm count without affecting fertility, that is, they
have a higher “reserve capacity.” Therefore, relative effects on
sperm parameters may be of value, in cases an, extrapolation of
risk to man is desired [23].

Sperm analysis data are considered more relevant for fertility
assessment when samples from vas deferens or from cauda epididy-
mis are used. These samples can only be collected at necropsy in
rodents, and all relevant findings to make the decision to collect
such samples may not be known at this time. Analysis of sperm
motility requires fresh samples, while sperm counts and morphology
can be obtained from fixed or frozen samples. In addition, analysis of
sperm motility most often relies on use of CASA (computer assisted
sperm analysis) systems. Some laboratories will routinely collect and
analyze samples for some or all of these parameters [23].

The full sequence of spermatogenesis (including sperm matu-
ration) in rats lasts 63 days. When the available evidence, or lack of
it, suggests that the scope of investigations in the fertility study
should be increased, or extended from detection to characteriza-
tion, appropriate studies should be designed to further characterize
the effects [18]. Inclusion of measures of rat sperm motility and
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3.2.1  Hormone
Regulation of Fertility

morphology, into the fertility protocol can increase the information
obtained from the study particularly in the event an effect on
fertility is observed. Computer-aided sperm analysis allows assess-
ment of sperm counts, motility, and morphology, allowing an
extensive evaluation of rat spermatozoa. This technology can provide
an objective means of classifying the motion of rat spermatozoa as
progressive or non-progressive, as required in test protocols. More
specific tests of rat sperm function are being applied for the purpose
of evaluating modes and mechanisms of toxicant action [23].

To assess effects on the male in fertility studies, endpoints
investigated should include the most sensitive parameters, i.e.,
histopathology of the testes. Other sensitive indicators of toxicity
include the weights of reproductive organs and the accessory glands
(testis, epididymis, prostate, and seminal vesicle) as well as sperm
parameters such as sperm count, sperm morphology, and sperm
motility. Sperm motility was found to be in some cases more
sensitive than histopathology. The above parameters showed a
higher sensitivity than fertility parameters [33]. Sperm assessments
are commonly conducted now using Computer Assisted Sperm
Analysis (CASA) technology which can provide rapid assessment
of sperm count, sperm morphology, and sperm motility. Further
methods have been described by Seed et al. [34].

Each species that may be used for assessment of fertility have
differing lengths of spermatogenesis and the particular anatomical
and physiologic peculiarities of each model should be taken into
account when evaluating histopathologic and physiologic effects on
the male reproductive system. In rare cases, staging of the testis/
seminiferous tubules may be needed to determine targeted effects
on the male; however, due to sperm production in the most com-
monly utilized species (rats and mice) an effect on sperm produc-
tion sufficient to affect fertility is rare.

In both female and male mammals, gametogenic and endocrine
functions of the reproductive organs are regulated primarily by two
pituitary gonadotropins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). In addition, prolactin (PRL) is
involved in the control of the corpus luteum in many species. It
should be noted there is on significant difference between rodents
and humans in hormonal regulation of reproduction. Prolactin in
rodents acts in conjunction with LH and FSH on luteal function in
rodents but does not play a similar role in humans. Ovarian func-
tion can also be influenced by growth hormone (GH), directly or
via stimulation of systemic and /or local production of the insulin-
like growth factor (IGF) IGF-I, and that testicular function can be
influenced by GH, IGF-1, and PRL. Studies of PRL, GH, and IGF-
I binding and of the expression of the corresponding receptors have
identified numerous potential targets for the action of these
hormones on reproductive processes [35]. These targets include
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various neuronal groups in the hypothalamus, the anterior pitui-
tary, and different types of somatic cells in the gonads as well as
both the male and the female reproductive tracts [36]. The regula-
tion of reproduction is complex and interruption of hormonal
control of reproduction can result in effects on fertility as readily
as direct insult to reproductive cells, tissues and organs. Reproduc-
tion in mammals is controlled directly and indirectly by the
hypothalamic—pituitary—gonadal axis that coordinates reproductive
behavior with ovulation. The primary signal from the central ner-
vous system is gonadotropin-releasing hormone (GnRH), which
modulates the activity of anterior pituitary gonadotropes regulating
follicle stimulating hormone (FSH) and luteinizing hormone (LH)
release. As ovarian follicles develop they release estradiol, which
negatively regulates further release of GnRH and FSH. As estradiol
concentrations peak they trigger the surge release of GnRH, which
leads to LH release inducing ovulation. Release of GnRH within
the central nervous system helps modulate reproductive behaviors
providing a node at which control of reproduction is regulated.
This requires the coordination of peripheral organs with the ner-
vous system to ensure that the internal and external environments
are optimal for successful procreation of the species [36].

4 Embryo-Fetal Developmental Toxicity Study Designs

4.1 General
Background

Evaluation of the hazards posed by potential new pharmaceutical
products to the developing fetus is in many respects the centerpiece
of safety evaluations outlined in ICH S5(R2) and in effect the
embryo—fetal development studies were a direct regulatory
response to the thalidomide tragedy. Identification of chemicals
or biologics that have the potential to affect the developing fetus
is a primary concern for both the pharmaceutical industry and
regulatory authorities alike. Assessment of potential developmental
and reproductive toxicity of human pharmaceuticals is currently
guided by the International Conference on Harmonisation ICH
S5(R2). The studies that assess developmental hazard are generally
conducted in rodents and rabbits. Regulatory agencies rely on data
obtained from this study protocol to ascertain the potential risks to
human development after prenatal exposure to a particular chemi-
cal. There is strong scientific rationale for using data from animal
studies due to the conservative nature of developmental processes.
However, it is also recognized that the potential for species-specific
differences exists; consequently, some kinds of eftects observed in
animal prenatal developmental toxicity studies may not be particu-
larly predictive of the potential for adverse effects in humans. An
understanding of what species differences exist and their potential
impact on the response to chemical insult is crucial to improving
our ability to accurately predict risks to humans.
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4.2 Wilson’s Six
Principles of
Teratology

1. Susceptibility to teratogenesis depends on the genotype of the
conceptus and the manner in which this interacts with environ-
mental factors.

2. Susceptibility to teratogenic agents varies with the develop-
mental stage at the time of exposure.

3. Teratogenic agents act in specific ways (mechanisms) on devel-
oping cells and tissues to initiate abnormal embryogenesis
(pathogenesis).

4. The final manifestations of abnormal development are death,
malformation, growth retardation, and functional disorder.

5. The access of adverse environmental influences to developing
tissues depends on the nature of the influences (agent).

6. Manifestations of deviant development increase in degree as dos-
age increases from the no-eftfect to the totally lethal level [37].

Wilson also proposed mechanisms of developmental toxicity
which included: mutation, chromosome nondisjunction and
breaks, mitotic interference, altered nucleic acid integrity or func-
tion, lack of precursors or substrates for biosynthesis, altered energy
sources, enzyme inhibitions, osmolar imbalance, and altered mem-
brane characteristics [37].

While Wilson’s mechanisms are still salient we now have added
tools to understand the molecular mechanisms that have been
intensively studied over the past few years and are now known to
be important in embryonic development. These include the
following:

e Epigenetic control of gene expression

e The effects of small regulatory RNAs

¢ The imbalance of gene products resulting from submicroscopic
alterations of genomic structure such as copy number changes

¢ Alterations of the cytoskeleton

e Perturbations of the extracellular matrix

e Effects of mechanical forces on embryogenesis

e Disturbances of intracellular or intercellular signaling
¢ Dysfunction of molecular chaperones

e Effects on the distribution of molecules into subcellular
compartments

e Alterations of the integrity of intracellular organelles [38]

Embryo—fetal developmental toxicology studies cover ICH
Stages C and D which specifically evaluates the developing concep-
tus through the period up to parturition. As outlined in ICH S5
(R2),4.1.3; two species (a rodent and a non-rodent) are commonly
used for evaluation of small molecules. Evaluation of embryo—fetal



64 Kevin H. Denny and Ali S. Faqi

4.3 Study Design
Requirements

developmental toxicants has received extensive regulatory emphasis
since thalidomide and for most drug development programs these
studies are critical for a new chemical entity to proceed in the
development process. Because of the sensitivity of the rabbit to
thalidomide, this species is commonly used as the non-rodent
model for the embryo—fetal development studies. As the mix of
new pharmaceutical products has shifted from almost exclusively
small molecules when the guidelines were written to today’s envi-
ronment where more large molecules and biopharmaceuticals are a
significant portion of drugs entering development, consideration of
the most appropriate non-rodent species must be taken into
account. Developmental and reproductive toxicology testing in
nonhuman primates (NHPs) has become more common due to
the increasing number of biopharmaceuticals in drug development,
since NHPs are frequently the only species to express pharmaco-
logic responses similar to humans. Nonhuman primates (NHP) are
most frequently used for Developmental and Reproductive Toxicity
(DART) testing when rodents and/or rabbits are not the most
pharmacologically relevant species. For a species to be pharmaco-
logically relevant, the test molecule must produce similar in vitro or
in vivo pharmacology in the test species and in humans [39, 40].
As noted in the ICH guidance “choosing an animal species and
strain for reproductive toxicity testing care should be given to select
a relevant model. Selection of the species and strain used in other
toxicology studies may avoid the need for additional preliminary
studies. If it can be shown—by means of kinetic, pharmacological
and toxicological data—that the species selected is a relevant model
for the human, a single species can be sufficient. There is little value in
using a second species if it does not show the same similarities to
humans. Advantages and disadvantages of species (strains) should be
considered in relation to the substance to be tested, the selected study
design and in the subsequent interpretation of the results.” [41]

The study designs for the embryo—fetal developmental toxicity
studies are outlined in the International Conference on Harmoni-
sation (ICH S5(R2)). This section will concentrate on the study
designs for the most commonly conducted embryo—fetal develop-
ment studies typically conducted for small molecules. The design of
studies to support registration of biologics (e.g., vaccines, mono-
clonal antibodies, and blood products) will be discussed in the
context of adding to the study overview, however, since there are
no formal guidelines for the design of developmental toxicity stud-
ies to assess the safety of these agents. For vaccines, there are
recommendations from the FDA for the conduct of developmental
toxicity studies [42]. ICH does not have definitive separate guid-
ance for large or biologic molecules there is an understanding that
biopharmaceuticals (i.e., human proteins and peptides) are also
governed by ICH S5(R2). However, because some human proteins
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4.3.1 Species
Considerations

4.3.2 Conducting Dose
Range-Finding Studies for
the Definitive Embryo—Fetal
Development Studies

may not cross-react with the standard species used for evaluation of
EFD or may be immunogenic in animals, nonstandard species or
nonstandard approaches may need to be adopted for some
biopharmaceuticals.

Guidelines specify a rodent (typically the rat or mouse) but ham-
sters can be used if they are the most pharmacologically relevant
species. The non-rodent second species is typically the rabbit, how-
ever, as noted the most relevant species for biopharmaceuticals may
be the nonhuman primate (NHP). The species selected should be
the most pharmacologically relevant species.

Many laboratories utilize data from their repeat dose toxicity stud-
ies conducted in the relevant rodent species as part of the IND
enabling package to determine dose levels for the definitive embry-
o—fetal development study (dEFD). While this practice is accept-
able and generally does not result in unexpected toxicities in the
pregnant female, there are cases where the pregnant animal may
present a very different toxicology profile from the nonpregnant
animal. This can be due to physiologic and hormonal differences
between nonpregnant and pregnant animals. In the case of the non-
rodent species, rabbits are the most commonly used second species
and only rarely would any toxicology data be available in this
species. Therefore, it is advisable to conduct a preliminary embry-
o—fetal development study (pEFD) in the rabbit.

The designs of range-finding, pEFD, and dEFD studies are
similar except for the number of mated females per group and the
extent of fetal examinations. As per ICH guidance, the study
designs should be planned to take into account preexisting knowl-
edge of class-related effects, should avoid suffering of animals, and
use the minimum number of animals necessary to achieve overall
objectives.

In most cases, information from general toxicology studies is
available prior to the start of a rodent study with pregnant females;
however, these data in nonpregnant females do not assure the same
dose response in pregnant females. In addition, it is very rare to
have any toxicological information in rabbits. Due to the possibility
of increased or decreased sensitivity in pregnant animals, a dose
range-finding study should be considered before the conduct of the
definitive EFD studies. Another approach that may be particularly
helpful for rabbits and will tend to minimize the risk of excessive
toxicity is to conduct the range-finding or pEFD study in stages.
The first stage may consist of two widely spaced dose levels, and
depending on the tolerability of these doses, additional stages are
added as needed to assess lower, intermediate, or higher dose levels.
Some laboratories may conduct a range-finding study in nonpreg-
nant rabbits first.
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4.3.3 Number of Animals

4.3.4 Maternal In-life
and Caesarian
Section Observations

There is no ICH guidance for the design of range-finding
studies. An adequate range-finding study would include at least
six mated females per group and at least three drug-treated groups,
although more animals per group and up to five drug-treated
groups are common. The duration of dosing, maternal parameters,
and caesarean section parameters are generally the same as dEFD.
Fetal examinations can be limited to only external observations
since together with resorptions and fetal weights an adequate lim-
ited, assessment of developmental toxicity can provide sufficient
data to set doses for the definitive study. An alternative design for
a rodent range-finding study that would also serve to select dose
levels for the subsequent prenatal and postnatal study is to extend
the dosing period to approximately Lactation Day 6 and allow the
females to deliver naturally. Pups would be evaluated for external
morphology, survival, and growth in this study design to Postnatal
Day 7. Alternatively, dams could be dosed and pups followed
through subsequent days of the preweaning period to obtain addi-
tional information. Although it is possible that cannibalism could
obscure observations of morphological abnormalities, it is likely
that other parameters would also be affected [43]. In addition,
there may be significant differences in drug effects on embryo—fetal
and postnatal offspring survival, which should be considered when
selecting appropriate doses for the EFD and PPN studies based on
this extended dose range—finding study (i.e., dose selection for the
EFD study should not be based on increased peri/neonatal mor-
tality) [43].

ICH recommends 16-20 pregnant animals per group with four
groups (three treated and one vehicle control group) at a minimum
for the definitive embryo—fetal development study in rodents and
for the non-rodent study 16 pregnant animals per group. In the
experience of the author, most laboratories conducting these stud-
ies assign 20-22 animals per group for the rodent study and 20
animals per group in the case of the rabbit study. Pregnancy rates
form vendor supplied time-mated animals are generally excellent.
Therefore, the need to add excess animals per group to ensure the
recommended number of pregnancies per group is less under cur-
rent animal breeding practices from animal vendors. Purchasing
vendor supplied time-mated animals also allows laboratories to
conserve space and resources which would otherwise be required
to maintain breeding colonies.

The dosing period based on Gestation Day (GD) 0 by convention is
defined as the day sperm or vaginal plug are observed in the rodent
and for the rabbit the day observation of mating is confirmed.
Based on day 0 of gestation, dosing for mice occurs GDs 6-15,
rats 6-17 and GD 7-20 for rabbits.
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4.3.5 Caesarian
Section Examinations

4.3.6 Fetal Evaluations

In-life observations should include body weights (daily during
the dose period), food consumption, and clinical observations (at
least daily but more often as required).

Females are euthanized and examined before expected parturition
GD 15, 18, 20/21 and 29 for hamsters, mice, rats and rabbits
respectively. It should be noted rodents typically do not deliver
carly, therefore, if deliveries begin prior to scheduled examination
this may be an indication of toxicity. Rabbits can abort with some
frequency; however, this may be an indication of maternal toxicity
which should be recorded. At laparotomy, ovaries are examined and
the number of corpora lutea recorded. The uterus is removed and
the intact uterus can be weighed but is only required for FDA
studies if a food additive is tested. The uterine weight can be used
to determine maternal body weight gain with and without the
contribution of the uterine contents. Examination of the uterine
contents includes the number of implantation sites, and the deter-
mination of the live, dead, and resorptions (early and late). Exami-
nation of the placenta should also be conducted and changes from
normal noted. Uteri which appear nonpregnant should be exam-
ined either by pressing between glass slides or stained for implanta-
tions with 10 % ammonium sulfide to confirm pregnancy status (in
some cases implantation occurs however implantations that fail to
develop past the early embryonic stages begin to resorb and are not
readily visible unless these examinations are conducted).

Live and dead fetuses should be identified with a tag after and
placed in a compartmentalized container. All implantation sites
should be recorded as to their status, i.c., live or dead fetus or
early or late resorptions. Fetuses should be weighed and the sex
determined along with the gross anatomical exam. Malformations
and alterations are recorded and gross observations should be
confirmed with subsequent examination in the visceral or skeletal
evaluations. Table 1 reflects the study designs outlined in the
preceding paragraphs.

Flexibility in the embryo—fetal study designs for the rodent
studies allow for alternative paths for the soft tissue and skeletal
exams. As per ICH guidelines, 50 % of rat fetuses from each litter
are to be examined for visceral alterations. To perform craniofacial
examinations, the heads from every other rat fetuses (approximately
50 %) in each litter should be removed and placed in fixative for
later examination. Some laboratories conducting the rodent studies
process one-half of the fetuses for the fresh visceral tissue (Staples
Exam) or fixed tissue (Wilson’s Exam) with the remaining half of
the fetuses processed for skeletal evaluations. An alternative proce-
dure is to evaluate all the fetuses with the fresh visceral examination
and one half of the heads will be removed for Wilson’s sectioning.
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Table 1

Study design of definitive developmental toxicity (EFD) study

Mouse Rat Rabbit
Strain or stock CD-1 Sprague—Dawley New Zealand
or Wistar White,
or Dutch Belted
Age on GD 0 10-14 weeks 10-14 weeks 4-6 months
Animals per group 22 20 20
Number of groups 4 4 4
Duration of dosing GD 6-15 GD 6-17 GD 7-20
Physical observations Twice daily Twice daily Twice daily
Body weights Every other day Every other day Every other day
after first dose after first dose after first dose
Food consumption Weekly Weekly Daily during
dose period
Caesarean section GD 18 GD 20 or 21 GD 28 or 29
Fetal examinations 100,/50/50 % 100,/50,/50 % 100,/100,/100 %

(External /Visceral /Skeletal)

Adapted from Wise et al. [43]

Fresh Visceral Examination

(Staple’s Technique)

All fetuses will then be processed for skeletal examination which
requires staining and clearing to evaluate ossified bone and/or
cartilage.

Fetal fresh visceral dissections examine all the internal organs of the
tetus and are well described by both Staples and Stuckhardt. This
method provides an immediate evaluation of fetal outcomes. If
sufficient resources and trained staft are available a quick evaluation
of the study endpoints can be available in real time. There are several
advantages using the fresh fetal dissection technique for the detec-
tion of fetal visceral alterations over the fixed tissue (Wilson’s
Method). Some of the advantages include reliability, thoroughness,
accuracy, simplicity, and speed. Artifacts from autolysis, fixing, and
slicing is reduced. The examination can be done immediately follow-
ing caesarean section with minimum equipment and yields an intact
skeleton which can subsequently be processed for skeletal examina-
tion. The fresh specimen and the natural coloration of in situ organs
makes color photography of visceral alterations clear and concise. In
addition, any lesion can be appropriately fixed for histopathological
examination if necessary [44, 45]. Once the visceral exams are com-
pleted the fetuses are prepared for skeletal staining [46].
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Wilson’s Soft Tissue
Sectioning Technique
for Visceral Exam

Fetuses examined by the Wilson’s soft tissue sectioning technique
are first fixed in Bouin’s solution, which is a mixture of saturated
picric acid, formaldehyde, and glacial acetic acid. The purpose of
the fixative is to fix the tissues, harden the soft tissues, and soften
the bones in order to preserve the specimens and make it possible to
slice them cleanly with a razor blade into sections of approximately
1 mm (or less) thickness. One drawback in this fixed tissue tech-
nique is that the original coloration of the tissues is lost and all
tissues appear as a shade of yellow with the exception of blood
which appears brown and the liver which appears olive green. The
fetuses remain in the fixative for a period of 2 weeks and are then
rinsed in alcohol prior to slicing. Since the formaldehyde and acetic
acid fumes from the fixative are irritating and present a carcinogenic
danger it is recommended that the rinsing and slicing be done
under a fume hood or in a well ventilated area. As Bouin’s solution
stains tissues those working with these specimens should also wear
latex gloves, preferably two pair.

The identity of the fetus is first verified after which it is given an
external examination. The forelimbs are removed with either the
razor blade or a sharp pair of scissors, and the head is sliced with
between four and eight slices, the minimum being a slice at the
beginning of the nasal passage just behind the nares, a slice at a
point just before the eye bulges to examine the nasal passages
(turbinates), the palate, and the nasal septum, a slice through the
eye bulges to allow the examination of the lenses and upon removal
of the lenses the retinas, and a slice behind the eye bulges at the
level of the frontal /parietal suture in order to examine the lateral
and third ventricles of the brain. If only these four slices are taken it
is recommended that the brain be carefully removed from the last
section to allow an examination of the cerebellum and meninges.
If eight slices are taken, then the final slice should allow examina-
tion of the fourth ventricle of the brain. Following these slices the
bottom of the head is removed from the fetus by slicing through
the neck and the structures of the inner ear are examined.

The remainder of the fetus is sliced as thinly and evenly as
possible and the sections laid on the wax block with the cranial
side upward. The trachea, esophagus, and blood vessels are fol-
lowed through the slices and the spinal cord and organs of the neck
are examined. The right carotid, the right subclavian, left carotid,
and left subclavian should be apparent and the right carotid and
subclavian should be seen to converge to form the Innominate.
Care should be taken to have a cut transect the top of the aortic
arch. From the top of the aortic arch through the apex of the heart
the technician should attempt to slice thinly enough to produce ten
slices in which the following structures should be apparent: the
aortic arch, the ductus arteriosus, the pulmonary artery, the atria,
the semilunar valves, the tricuspid valve, the mitral valve, the ven-
tricles, and the interventricular septum [47]. This fetal examination
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4.3.7 Skeletal Staining
and Examination

method is less used by laboratories for several reasons. As noted, the
fixative and processing time create laboratory hazards and delays in
fetal examinations.

Fetuses should be processed for skeletal staining. The procedures
for staining and skeletal examination are explained and reviewed in
several publications that provide excellent information for proces-
sing and examination procedures. The following citations provide
excellent descriptions of staining procedures, evaluation and assess-
ment recommendations and skeletal atlases also provide informa-
tive references for normal and abnormal skeletal anatomy [48-56].

The axial skeleton is examined after staining including the head
(skull and facial bones), vertebral column (centra and arches), and
rib cage (sternebrae and ribs). Skeletal alterations to this region
include changes sometimes categorized by developmental toxicol-
ogists as malformations, variations, and delays in ossification,
although categorization of structural changes as malformations
versus variations is viewed as problematic by others.

A useful reference for the embryo—fetal development studies
was published by Makris et al. in an updated Version of the Termi-
nology of Developmental Abnormalities in Common Laboratory
Mammals [57]. This excellent publication incorporates improve-
ments and enhancements to both content and organization of the
terminology to enable greater flexibility in its application, while
maintaining a consistent approach to the description of findings.
The revisions are the result of an international collaboration among
interested organizations, advised by individual experts and the out-
comes of several workshops. The terminology is organized into
tables under the broad categories of external, visceral, and skeletal
observations, following the manner in which data are typically
collected and recorded in developmental toxicity studies. Only
the commonly used laboratory mammals (i.e., rats, mice, rabbits)
are addressed in the current terminology tables. The inclusion of
other species that are used in developmental toxicity testing, such as
primates, is considered outside the scope of the present update.
Similarly, categorization of findings as, for example, “malformation”
or “variation” remains unaddressed, in accordance with the overall
principle that the focus of this document is descriptive terminology
and not diagnosis or interpretation. The skeletal terms have been
augmented to accommodate cartilage findings [57].

Regardless of the techniques used in fetal examinations, it is
critical that personnel conducting the evaluations are experienced in
the procedures and techniques used. The technical expertise required
for the embryo—fetal development studies consists of an extensive
knowledge of physiology and anatomy as well as a complete knowl-
edge of fetal normal and abnormal anatomy. Therefore it is impor-
tant for those conducting these studies be experienced and fully
trained in the techniques and processes used to exam the fetuses.
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4.3.8 Timing The timing of DART studies relative to clinical trials and registra-
Considerations for tion of pharmaceuticals is outlined in ICH M3 [58]. In spite of an
Embryo—Fetal effort to harmonize the preclinical studies to support clinical devel-
Developmental Toxicology =~ opment for pharmaceuticals, regional differences remained in the
Studies expected timing of developmental toxicity studies to support the

inclusion of Women of Child Bearing Potential (WOCBP) in clini-
cal trials. In Japan, assessment of potential effects on female fertility
and embryo /fetal development is required prior to the inclusion of
WOCBP in any type of clinical trial. In the European Union, an
assessment of potential effects on embryo/fetal development was
expected prior to Phase I trials in WOCBP and female fertility
studies were expected prior to Phase III. In the USA, WOCBP
could be included in early, carefully monitored studies without
reproductive toxicity studies, provided appropriate precautions
were taken to prevent pregnancy. The recommended precautions
included pregnancy testing, use of effective birth control, and
enrollment after a confirmed menstrual period, with continued
monitoring throughout the duration of the study. To further sup-
port this approach, informed consent would also include any
known pertinent information related to reproductive toxicity,
such as a general assessment of potential toxicity of pharmaceuticals
with related structures or pharmacological effects. If no relevant
information is available, the informed consent would clearly note
the potential for risk. Over the past year, discussions to revise the
ICH M3 guidance document have focused on efforts to better
harmonize the preclinical requirements across all three regions.
The current draft version of the ICH M3 guidance document
(ICH M3(R2) July 15, 2008), states that the guidance provides
general insight for biotechnology-derived products only with
regard to the timing of preclinical studies relative to clinical devel-
opment [41].

5 Prenatal and Postnatal Developmental Toxicity Studies

Assessment of potential effects on Prenatal and Postnatal Develop-
ment (PPN) including Maternal Function is outlined in the ICH S5
(R2) document. These studies assess the hazard of both prenatal
and postnatal exposure and are predominantly conducted in
rodents (rat and mouse). In certain circumstances an alternate
species may be necessary such as with thalidomide [59]. The PPN
study is usually conducted very late in the clinical development
program when most pharmaceutical companies expect to submit
their drug for marketing approval. The Prenatal and Postnatal
Development (PPN) study including Maternal Function examines
Stages E and F as described in ICH S5(R2) and is the only study
that dosing covers the periods of parturition through weaning [60].
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5.1 Study Design
Requirements

5.1.1 Species
Considerations

The designs of the PPN studies (and the drfPPN which is rarely
done) are similar except for the number of mated females per group
and the study durations. In most cases, information from the EFD
studies is available prior to the start of a PPN study and in most
cases; doses which are appropriate for the EFD study would also be
applicable for the PPN study. Although information regarding the
maternal and fetal response can be appropriate for selecting the
dose levels, the continuation of the dosing throughout the parturi-
tion process and subsequent consequences on the survival and
viability of the neonates is critical for a successful PPN study.
However, assuming a drfPPN study was not conducted and the
rodent EFD study demonstrated adequate maternal toxicity and no
significant fetal toxicity, then appropriate dose levels could be
selected in most cases. For other situations where a drfPPN study
is deemed necessary, the selection of dose levels can be based on the
prior information from developmental toxicity studies. Due to the
uncertainty in the response in the early postnatal period, some
laboratories may elect to utilize more than three drug-treated
groups [60]. There is no ICH guidance for the design of drfPPN
studies; however, a minimum but adequate range-finding study
would include at least six mated females per group and at least
three drug-treated groups.

The PPN study focuses on ICH S5(R2) Stages E and F to assess
enhanced toxicity relative to that in nonpregnant females; prenatal
and postnatal death of offspring; altered growth and development
of newborns through weaning; and functional deficits in offspring,
including behavior, maturation (puberty), and reproduction
(F1 generation) [60].

Rats or mice are typically used for the PPN study; however, as noted
previously in some circumstances a more relevant species may be
required [59, 61]. While the specific guidance for the PPN study
states that the preferred species is the rat, the species must still be
relevant to humans. The species selected is usually the species
utilized for general toxicity studies. In general, outbred stocks of
animals are used. While many laboratories obtain naturally mated
females from vendors, which can be a more cost-effective alterna-
tive than maintaining a colony of male breeders to provide in-house
mated females, this does have some disadvantages. The most obvi-
ous of these is the lack of any real acclimatization period prior to the
initiation of dosing. Purchased timed-mated animals would gener-
ally be delivered on GD 1 or 2 with dosing then commencing on
GD 6.

As with all the studies covered in this chapter, the most phar-
macologically relevant species should be utilized for the PPN study
[62, 63]. Use of alternative species other than the rat or mouse
must be justified scientifically and special considerations for species
specific differences in parturition and maternal care must be taken
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5.1.2  Number of Animals

5.1.3 Dose Selection
Considerations

into account. For example, the rabbit was used for the PPN study
because of the sensitivity of this species to thalidomide, however
special considerations for maternal cannibalization of newborns
with defects had to be taken into account when designing the
study [59].

The specifications outlined in the paragraphs below center on
the use of the rat since this is by far the most commonly used species
for the PPN study. If other species are required, the study design
should reflect the physiologic and reproductive specifics of the
species utilized for the study. As with all toxicology studies the
experience of the laboratory conducting the study with the selected
species should be a primary concern for study placement and
conduct.

ICH recommends rats for the PPN study, (note: the most pharma-
cologically relevant species should be used). Typically 20-25
females per group and three treatment groups and a control
group are common. ICH recommends 16-20 litters per group
and many laboratories choose to mate and assign at least a mini-
mum of 20 dams per group or more to provide sufficient litters in
each group. ICH S5(R2) guidance states that evaluation of
between 16 and 20 litters per group for rodents tends to provide
a degree of consistency between studies, and above 20-24 litters
per group the consistency and precision are not greatly enhanced.
These group sizes generally assure having these minimums for
evaluation of the F1 generation during the growth and maturation
phase and for evaluation at the time of F1 caesarean section, assum-
ing appropriate dose selection [22].

These dams are identified as the FO generation. This study
design requires naive males and females for mating and the females
should be nulliparous. The strain of rat (or mouse) should be the
same as the strain used for the other toxicology studies [22].

The choice of the high dose should be based on data from all
available studies (the EFD study, pharmacology, repeat dose toxicity
and kinetic studies). The most common design for the PPN study is
one vehicle control group and three dose levels for the test article
groups. ICH S5(R2) states that some minimal toxicity is expected to
be induced in the high-dose dams. The types of toxicity that may
limit the high-dose level include effects such as increased or
decreased body weight gain, target organ toxicity, exaggerated
pharmacological response, or marked pup mortality in a preliminary
study. Dose levels for use on a PPN study should not induce mater-
nal deaths or body weight loss that extends for more than 2—-3 days.
ICH S5(R2) also establishes 1 g/kg/day as the limit (i.e., highest)
dose for developmental and reproductive toxicity studies under
most circumstances. If it is known or anticipated that 1 g/kg/day
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will not produce minimal toxicity in the pregnant female, then the
study design can include only one additional lower dose level of the
test agent (i.e., three total groups). If the toxicity profile is largely
unknown in a given species, then inclusion of four or more drug-
treated groups may be warranted. Also if the toxicology profile is
unclear (which should be rare at this point in development) a dose
range-finding (drf) PPN study should be run prior to the definitive
study.

In most cases doses from the EFD study provide a scientific
basis for selection of doses for the PPN study since the dose period
for the EFD study covers GD 6-17 (implantation through closure
of the hard palate) cover the majority of the dose period during
gestation for the PPN study (PPN study begins dosing GD6 and
continues through parturition typically GD 21-22). Observations
of malformations in the EFD study should be considered when
designing the PPN study. Examples of life threatening malforma-
tions such as interventricular septal defects, and exencephaly
observed in the EFD study will impact the litter observations in
the PPN study. Fetuses with serious malformations once delivered
will not survive following parturition and most likely will be canni-
balized by the mother postpartum. If a dose results in sufficient
reductions in litter size or whole litter loss it is possible the number
of surviving pups to adequately assess survival and growth and
development of the neonates will not be available.

For some drugs using the data from the EFD study or the
repeat dose toxicology studies cannot adequately predict effects
on parturition, pup survival, or maternal care of the litter postpar-
tum. Other pharmacologic classes of drugs are known to have
potential effects on parturition, maternal litter care, lactation, or
pup survival and growth. An example of a drug that exhibits toxicity
selectively after delivery is the angiotensin II antagonist, Losartan,
which had no effects on fetal development but resulted in lower
pup weights, delays in development, and preweaning and post-
weaning deaths in the PPN study [64, 65]. In addition, anti-
inflammatory drugs, administered orally to pregnant rats during
the 19th to 21st day of gestation can affect the time of onset of
parturition (TOP), duration of parturition (DOP), bleeding during
parturition, and perinatal mortality. Acetylsalicylic acid, salicylic
acid, and cortisone acetate (in high dosages) all delay significantly
the (TOP) when compared to controls. The acid non-steroids
prolong the parturition time, and a marked increase of bleeding at
parturition was evident in the acid nonsteroid treated group with
only a slight increase in cortisone treated animals. Acetylsalicylic
acid, salicylic acid, and cortisone did not affect the number of pups
born dead/total pups, but sodium salicylate and acetylsalicylic acid
resulted in an increase in the number of fetal deaths [66].
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Recognizing that even with a considerable knowledge base of
the toxicity of a given compound, it may be difficult to assess a
drug’s toxicity to late term gestation or neonatal survival and
development. Because much of the maternal weight gain in the
late phase of gestation (GD’s 18-21) is actually fetal weight gain; it
may be advisable to maintain the dose based on the body weight of
the dam on GD 17. As most compounds are administered by
volume based body weight with a drug dosage set at mg/kg con-
sideration should be given to maintaining the dose administered
based on the body weights obtained from gestation days 15-17 to
minimize overdosing the dams.

With the examples presented above it is apparent potential
effects on late stage gestation, parturition, maternal care for the
litter, milk production and neonatal growth and development can
be adversely affected by drug exposure. If the pharmacologic class
of the drug under consideration has known effects in late gestation
or lactation, a drfPPN study is advisable before the definitive study
is undertaken. While the drfPPN study will add some amount of
time to the development program, conduct of this study should
provide an insight to the potential toxicities which may be observed
in the definitive study. Given the ICH requirements for minimum
numbers of litters and therefore pups in the F1 generation, it is
advisable to not chance the loss of whole litters or compromised
pups due to dosages that are excessively toxic to the dam or
neonate.

ICH S5(R2) states that if a “no observed adverse effect level”
for “reproductive aspects” is not identified in a PPN study, then
additional studies may be needed. The designs of those additional
studies will be compound specific and should be designed with the
pharmacologic class of the test article in mind. Ideally, either the
low- or mid-dose level should demonstrate no adverse develop-
mental toxicity. While ICH S5(R2) defines the various “adverse
effects to be assessed” (e.g., prenatal and postnatal death of oft-
spring, altered growth and development), the guidance document
did not attempt a definition for the adjective “adverse.” Whether or
not a developmental effect is adverse depends on a number of
parameter-specific factors, which can best be addressed by the
scientists conducting the study and /or those persons most knowl-
edgeable about other aspects of the compound.

The spacing between dose levels is also an important decision.
Note 8 states that dose-responses may be steep, and wide intervals
between doses would be inadvisable. Narrow intervals may also
pose problems when the variability of a toxicological response over-
laps between adjacent dose levels. A minimum multiple of twofold
and a maximum of four- to fivefold between dose levels are usually
adequate.
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5.1.4  Exposure Timing
Considerations and
Treatment Period

5.1.5 Maternal In-life
Observations FO
Generation

Females are mated and assigned to one of four groups as described
previously. It is advisable not to place all females into mating at the
same time unless sufficient resources are available to dose, observe
and manage all the littering observations. The reason for this is to
space out, if possible, the number of GDO dams so that a large
percentage of the number of animals are not littering on the same
day. During the lactation period there are numerous and very labor
intensive observations and tests and staggering the number of dams
beginning dosing and eventually littering will allow adequate time
for all of the study procedures which are required. The FO females
are exposed to the test substance from implantation to the end of
lactation (i.e., stages C-E). The accuracy of the time of mating
should be specified since this will affect the variability of fetal and
neonatal parameters. Similarly, for reared litters, the day offspring
are born will be considered as postnatal or lactation day 0 (LDy)
unless otherwise specified. However, particularly with regard to
delays in, or prolongation of parturition, reference to a postcoital
time frame may be useful. Dosing of the females begins on Gesta-
tion Day (GD) 6 and continues throughout parturition and
through Lactation Day (LD) 20. Once daily dosing is the most
common regimen; however, the toxicokinetic characteristics of the
drug should be taken into consideration. In some cases compounds
with short half-lives twice daily dosing may be considered. For
compounds with long half-lives a modified dosing schedule may
be appropriate. In either case, scientific justification for either alter-
ation in the dosing schedule should be used in planning the dosing
regimen. Employing a drfPPN study in these cases can be a useful
tool to assess if effects on parturition or pup survival may be
expected in the definitive study [22, 43, 62].

As noted previously, maternal weight gain in the late phase of
gestation (GD’s 18-21) is predominately due to fetal weight gain.
Therefore adjusting the dose volume late in gestation to match the
body weight changes of the dam may not be advisable. Maintaining
the dose based on the body weight of the dam on GD15-17 where
data exists on maternal toxicity from the EFD may be advisable for
most test articles. Since the dose volume is adjusted based body
weight change keeping the same dosage on a mg/kg dose as
administered on GD15-17 should minimize overdosing the dams
in late gestation [22, 43].

Animals should be visually inspected for moribundity and mortality
twice daily following treatment initiation during gestation and
lactation. Post-dosing observation should be done around the
expected T, Body weights should be recorded at confirmation
of mating and at randomization into dose groups, then on GDs, 4,
6,12,15,18,and 20 and on LD 0,4, 7, 14, and 21 at a minimum.
ICH S5(R2) suggests that weighing the females twice weekly is
acceptable but more frequent recording of body weight provides
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for accurate adjustment of the dose volume. Food consumption
should be measured to correspond with the times of body weight
measurement prior to and after initiation of treatment as noted for
body weights. Pregnant females should have food consumption
measured during gestation and lactation. Measurement of food
consumption later in the lactation period does not necessarily
reflect the maternal consumption as the pups are beginning to
consume solid food (usually by LD 13-14). Food consumption is
a valuable measurement even late in the lactation period as
decreased food consumption may indicate maternal and/or pup
effects due to the test article, however, decreases in consumption
should be evaluated in the context of both FO and F1 body weight
changes.

Observations of the dams should be increased as the anticipated
parturition date nears. It is recommended to begin more frequent
inspections for evidence of littering beginning on GD 18. FO
females should be examined 2x daily for delivery and possible
dystocia. Nesting behavior is usually exhibited as the dam’s partu-
rition nears. While not specified in ICH S5(R2), observation of
nesting behavior or an absence of such can indicate maternal toxic-
ity and dams displaying an absence of nesting behavior should be
observed closely for evidence of dystocia. Similarly, maternal care
and nursing behavior are important observations to evaluate possi-
ble maternal toxicity. Evidence of maternal cleaning and nesting
behavior including nursing of pups is the norm; however, the
absence thereof indicates maternal toxicity and may result in the
loss of neonates if maternal cleaning and care does not occur
quickly following parturition. Maternal care and nursing behavior
is a critical assessment throughout the lactation period. Maternal
care is most critical during the first few days following delivery.
Neonatal losses occur predominately during the first 4 days of
lactation. Observations during the lactation period should include
non-maintenance of the nest and little to no milk in the pups’
stomach visible through the skin. These observations may aid in
assessing if pup mortalities are maternally mediated due to poor
maternal care rather than a direct effect upon the offspring.

Toxicokinetic assessments will have been conducted as part of
the EFD study so if the PPN dose levels are similar, then those data
would cover the pregnant phase of the PPN study. Despite the
changes in the maternal condition relating to the milk production
and hormone changes during the lactation period, it is uncommon
to collect further samples during this period [43].

At weaning FO dams are necropsied and if target tissues have
been identified from previously conducted toxicology studies these
tissues may be included for histopathologic examination. A gross
(macroscopic) examination is conducted for the thoracic and
abdominal viscera. Organs with macroscopic findings and samples
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5.1.6 Parturition and
Preweaning Litter
Observations F1
Generation

from concurrent control females are preserved in an appropriate
fixative for possible histological evaluation. Mated females that do
not deliver by presumed GD 24 should be euthanized and exam-
ined (uteri should be briefly immersed in ~10 % ammonium sulfide
solution in order to visualize early implantation sites). In females
that have littered, the number of implantation sites (as represented
by metrial glands) should be recorded to enable a comparison with
the number of pups born and allow an assessment of the in utero
and neonatal loss (when females deliver at night, dead or mal-
formed pups are often cannibalized by the dam before the first
inspection of the litter) [60].

Observations of parturition including the onset and completion of
delivery and any signs of difficulty in parturition should be noted
when observed. Based on previous experience the majority of Spra-
gue-Dawley females will initiate parturition during the lights-on
period with delivery completion occurring rather quickly (approxi-
mately 2 h). For determination of the transition from gestation to
lactation it is acceptable to assign a whole day value (e.g., GD 21.0
or 22.0) to females that have completed delivery at the first obser-
vation of the day. Females that complete delivery during the work-
day are assigned a half-day value (e.g., 21.5 or 22.5) [43]. The day
of parturition is considered day 0 of lactation (LDy). The number
of live and dead pups born in each litter is recorded following
completion of parturition along with external abnormalities and
the sex of each pup should be recorded. Pups should be counted
daily until weaning and they should be given a detailed examination
on the day body weights are taken. Individual pup body weights are
usually recorded on lactation days 1, 4, 7, 14, and 21. For studies
where there is a high incidence of pup deaths or excess toxicity
during lactation, more frequent observations and weighing may be
necessary.

In the event excess maternal toxicity or neonatal toxicity or
deaths are encountered in a PPN study, such as whole litter loss,
lack of maternal care resulting in excessive pup deaths, or marked
decreased pup body weight gains in the high-dose group, a
fostering /cross-fostering study may be necessary. An additional
study can be conducted to clarify if the effects are due to exposure
during gestation and/or lactation (i.e., for better assessment of
human relevance). This study design incorporates the same para-
meters as the standard PPN study but only two groups (vehicle
control and high-dose) are used in this design. Dams are treated for
the same duration as in the PPN study. On the day of birth, all pups
are transferred to different mothers in the following combinations:
control pups to both control and high-dose dams, and high-dose
pups to both control and high-dose dams. The combination of
control pups cross-fostered to the high-dose dams examines the
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5.1.7 Postweaning
Assessments

effects of lactation-only exposure, while the combination of high-
dose pups to control dams examines the effects of gestation-only
exposure.

While not a requirement, many laboratories cull the litter size
usually on LD4 to 4 or 5 pups per sex to standardize litter size and
decrease variability based on large differences in litter size. For
studies where maternal toxicity or neonatal loss reduces the litter
size culling may not be needed or desired. On LD4 if the procedure
is to cull the litters the selection of pups should be random for both
pups removed and those selected to remain on study.

Current consensus is the best indicator of physical development
is body weight and Note 21 of ICH S5(R2) states that the acquisi-
tion of preweaning developmental milestones is highly correlated
with the body weight and that this weight should be related to
postcoital time rather than postnatal time, especially where signifi-
cant differences in gestation length occur. This does not preclude
the monitoring of physical milestones and reflex acquisition but
due to this close correlation many laboratories utilize body weight
alone as the indicator of postnatal growth and development. Physi-
cal parameters often utilized include pinna unfolding, hair growth,
incisor eruption, and eye opening. When reflex ontogeny is
included, it is usual to include at least two measures of reflex
ontogeny and these may include surface righting, auditory startle,
negative geotaxis, air righting, Preyer response, or pupillary reflex.
The option also exists to monitor more complex forms of behavior
and a good example of this is the ontogeny of swimming behavior,
for which seven different stages can be clearly distinguished and
easily evaluated in rats and mice [67]. Preweaning developmental
landmarks which have routinely been evaluated in this study such
as: righting reflex, pinnae detachment, and eye opening are more
correlated with body weight gain than they are developmental age.
These parameters can be evaluated; however, the timing the mile-
stone is achieved is variable and some laboratories opt to not assess
these landmarks in the PPN study [58, 68, 69].

At weaning (around PND 21) pups from all available litters are
selected randomly one per sex per litter to provide 20 males and
females per dose and control group for further examinations with
the exception that pups with obvious abnormalities or delayed
growth (i.e., animals with a body weight more than two standard
deviations below the mean pup weight of the respective litter)
should not be included, as they are unlikely to be representative
of the treatment group.

Two developmental landmarks should be evaluated routinely
postweaning. The study should assess the onset of puberty in both
sexes and Note 21 of ICH S5(R2) strongly suggests monitoring
vaginal opening of females and cleavage of the balanopreputial
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gland (i.e., preputial separation) of males for this assessment [68,
70]. Testis descent is not a recommended method of assessment as
this can be variable and very subjective in comparison to balano-
preputial separation. The latter is associated with increasing testos-
terone levels whereas testis descent is not [68]. As with other
physical milestones, these parameters are affected by general
growth and therefore it is recommended that the body weight of
the animal be recorded at the time of attainment to differentiate
between specific compound effects and those related to growth.
Some laboratories examine animals every other day for attainment
of these landmarks. Vaginal opening is evaluated for the F1 females
beginning from Day 30 until complete and preputial separation for
the F1 males from Day 40 until complete [68].

These pups are identified as the F1 generation and the day the
pups are weaned and selected to continue on study is designated as
postnatal day 21 (PND5;). On PND 21, the selected F1 pups are
randomly assigned to one of three cohorts of animals, as follows:

e Reproductive/developmental toxicity testing (Cohort 1): at
approximately 12 weeks F1 males and females are selected for
mating (nonlitter mates). Evidence of mating is obtained as
described previously. Observations of reproductive outcome
can be done by examination of mated F1 females on presumed
GD13 or the females can be allowed to deliver naturally with
litter assessments conducted as described for the FO generation.

¢ Developmental neurotoxicity testing (Cohort 2): Behavior and
Learning assessments described in following section [71].

It is suggested in Note 19 of ICH S5 (R2) that at the time of
weaning (i.e., PND 21), one animal per sex is selected from each
litter. While it is feasible to conduct all subsequent evaluations using
only these animals, the option exists to randomly select more than
one animal /sex/litter. Doing so allows the option of having naive
animals for at least one behavioral test and they could also provide
animals for a second mating trial for reproductive performance
should issues be encountered during the first mating.

If multiple assessments are planned as described above it is
recommended for separate cohorts to be selected for the F1 pups
as outlined:

e Reproductive/ developmental toxicity testing (Cohort 1):

— Cohort 1A: One male and one female/litter/group (20/
sex/group): priority selection for primary assessment of
effects upon reproductive systems and of general toxicity.

— Cohort 1B: One male and one female/litter/group (20/
sex/group): priority selection for follow-up assessment of
reproductive performance by mating F1 animals, and for
obtaining additional histopathology data in cases of
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5.1.8 Behavior and
Learning Assessments

suspected reproductive or endocrine toxicants, or when
results from cohort 1A are equivocal.

e Neurobehavioval Evaluations/ Behavior and Learning (Cobort 2):

— Cohort 2A: Total of 20 pups per group (ten males and ten
females per group; one male or one female per litter)
assigned for neurobehavioral testing followed by neurohis-
topathology assessment as adults.

— Cohort 2B (optional): Total of 20 pups per group (ten
males and ten females per group; one male or one female
per litter) assigned for neurohistopathology assessment at
weaning (PND 21 or PND 22). If there are insufficient
numbers of animals, preference should be given to assign
animals to Cohort 2A.

ICH S5(R2) recommends evaluation of functional tests of F1
behavior. ICH does not define specific tests to allow investigators
to choose testing methods best suited to evaluate sensory function,
motor activity and learning and memory. The best evaluation
methods and the timing of the tests conducted to assess sensory
function, motor activity and learning and memory must be selected
based on good science, the species being tested and the experience
of the laboratory conducting the evaluations. Evaluations typically
are conducted after weaning and before the mating of the F1
generation. For many of the tests, commercially available equip-
ment and procedures are available and many laboratories have
databases whereby historical baselines can be used to assess current
studies. Utilization of automated data collection equipment has a
further advantage in that observer bias and variability in observa-
tions are minimized by use of electronic data collection automated
equipment using standardized procedures and validated equip-
ment. A good source of information on the various appropriate
tests available is contained within the EPA Developmental Neuro-
toxicity Guideline (OPPTS 870.6300) and the OECD Develop-
mental Neurotoxicity Guideline (OECD 426), the investigator
should be confident of the validation of the test within the labora-
tory and the tests should be capable of detecting both increases and
decreases in ability [63, 72, 73].

Motor activity is evaluated with equipment which utilizes a
chamber with photobeam detectors which electronically record
animal movements by recording when the photobeams are broken
using an automated activity monitor. While there is no standard
timeframe required by regulators, testing around PND 42 is com-
mon. These evaluations are designed to evaluate initial response to
the novel environment of the activity monitor, as well as to observe
the rate of habituation to that environment over the test periods.
Sensory function is commonly evaluated by the acoustic startle
response. This test is based on an automated system also where
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5.1.9 Assessment of F1
Fertility and Reproductive
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the test subject is placed in an acoustic chamber on a platform
system to measure animal response to an auditory stimulus. The
test evaluates the startle response to an auditory stimulus as well as
prepulse inhibition and habituation to an acoustic startle stimulus
typically assessed on or around PND 43. This test typically is
conducted using multiple trials (a set of 70 trials is common)
using multiple chambers capable of digitally recording the startle
responses as well as habituation of the response [63, 72, 73].

Evaluation of learning and memory typically is conducted using
one of two test paradigms. The first type of test evaluates learning
and memory by passive avoidance where the animal learns to enter
the compartment to avoid receiving a mild but unpleasant electric
shock. A second commonly used learning and memory assessment
is a maze test. The swimming water maze is often used due to the
advantage this test has in evaluating both motor and learning and
memory development in the same test.

As noted, the tests selected for assessment of motor and sensory
function and learning and memory. Basic principles should be taken
into account regardless of the test selected.

¢ Quantitative assessments are preferred to eliminate inter and
intra observer bias and variability;

e The laboratory conducting the test should have documented
experience and operational procedures along with validated test
methods. Test systems should always be evaluated for capability
to identify known toxicants for the parameters being evaluated;

e Variability is acceptable, however, controls of variability should
be in place and the laboratory should have adequate historical
control databases to allow scientifically sound evaluation of the
data for normal variability within the study being evaluated.

e In cases where subjective evaluations are necessary, variability
between observers and variability in singular observers over
multiple timepoint evaluations should be controlled as much
as possible. Laboratories should demonstrate different obser-
vers are capable of evaluating behaviors consistently with mini-
mal variability [63, 72, 73].

ICH S5(R2) guidance does not specify or detail how the fertility of
the F1 generation should be assessed, however, it is generally
understood that an assessment based on the guidance for the
fertility study should be followed. In some cases, however, it may
be more appropriate to allow the F1 generation to litter and assess
the pregnancy and lactation performance of the F1 together with
the survival growth and development of the F2 generation up to
LD 7. This may be particularly appropriate where significant pro-
blems have been observed in the pregnancy performance of the FO
generation or the sexual development and fertility of the F1
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5.2 Bioanalytical
and Toxicokinetic
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Toxicity, and Prenatal
and Postnatal
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Toxicity

generation females [43]. Although not required or suggested by
ICHS5 (R2), the monitoring of estrous cycles in the F1 generation
females prior to pairing may be considered if the test article is
suspected of influencing the reproductive system or if triggered by
precocious or delayed onset of puberty. This would normally be
conducted by assessment of vaginal cytology by means of vaginal
smears for a period of between 10 and 14 days immediately before
pairing commenced. Reproductive performance assessment should
be conducted when the F1 generation has reached sexual maturity
(approximately 70 days of age or postnatal week 10). If poor fertility
has been observed, which by re-mating with naive females is consid-
ered a male-mediated effect, then histopathology and/or sperm
evaluations may be performed at termination of the F1 males [43].

ICH S3A addresses analysis of pharmacokinetic data on the repeat
dose and reproductive and developmental toxicology studies. The
repeat dose studies can provide valuable pharmacokinetic data for
rodents since they are commonly used for both the repeat dose and
developmental and reproductive toxicology studies. Pharmacoki-
netic information in pregnant or lactating animals may be required
and in many cases dose-range finding studies are advisable to deter-
mine if pregnancy and lactation will affect the ADME parameters
for the compound evaluated in the Fertility, Developmental, and
Prenatal and Postnatal Developmental Toxicology studies [74].

The limitation of exposure in reproductive toxicity is usually
governed by maternal toxicity. Toxicokinetic monitoring in repro-
ductive toxicity studies may be valuable in some instances, especially
with compounds with low toxicity, but these data are not needed
for all compounds.

Where adequate systemic exposure might be questioned
because of absence of pharmacological response or toxic effects,
toxicokinetic principles could usefully be applied to determine the
exposures achieved by dosing at different stages of the reproductive
process. A satellite group of female animals may be used to collect
the toxicokinetic data.

For the Fertility Study, the general principles for repeated-dose
toxicity studies apply. The need to add bioanalytical and pharmaco-
kinetic evaluations will depend on the dosing regimen used and the
information already available from the repeat dose studies in the
selected species [74, 75].

For the EFD and PPN studies, the treatment regimen during
the exposure period should be selected on the basis of the toxico-
logical findings and on pharmacokinetic and toxicokinetic data
from the repeat dose and dose range-finding studies. Consideration
should be given to the possibility that the kinetics will differ in
pregnant and nonpregnant animals. Toxicokinetics may involve
exposure assessment of dams, embryos, fetuses or neonates at
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specified days in each study design. Secretion in milk may be
assessed to define its role in the exposure of newborns. In some
situations, additional studies may be necessary or appropriate in
order to study embryo/fetal transfer and secretion in milk. Addi-
tional consideration should be given to the interpretation of repro-
ductive toxicity tests in species in which placental transfer of the
substance cannot be demonstrated [74].

Exposure is represented by pharmacokinetic parameters
demonstrating the local and systemic burden on the test species
with the test compound and/or its metabolites. The area under the
matrix level concentration-time curve (AUC) and /or the measure-
ment of matrix concentrations at the expected peak-concentration
time Cay, Or at some other selected time Ciime), are the most
commonly used parameters [74, 75].

Other measurements, for example urinary excretion, may be
more appropriate for some compounds. Other derived parameters,
for example bioavailability, half-life, fraction of unbound drug and
volume of distribution may be of value in interpreting toxicokinetic
data. Thus, the selection of parameters and time points has to be
made on a case-by-case basis considering the general principles as
outlined in Section 3 [74].

Increasing exposure may also occur during the course of a study
for those compounds which have a particularly long plasma half-
life. Careful attention should also be paid to compounds which
achieve high C,.x values over comparatively short time periods
within the dosing interval. Conversely, unexpectedly low exposure
may occur during a study as a result of auto-induction of metabo-
lizing enzymes [74, 75].

The ICH S5(R2) and the ICH S3A Guidances do not require
assessment of neonatal exposure, however, the latter guidance doc-
ument states “Toxicokinetics may involve exposure assessment of
dams, embryos, fetuses or newborn at specified days. Secretion in
milk may be assessed to define its role in the exposure of newborns.
In some situations, additional studies may be necessary or appro-
priate in order to study embryofetal transfer and secretion in
milk.” [74]

Interspecies differences in metabolism can lead to differences in
developmental and reproductive toxicity. Understanding metabolic
pathways in test species and humans is important to designing and
interpreting animal studies and their potential relevance to humans.
Interspecies differences in embryonic development and the extra-
embryonic environment can also lead to species discordance in
developmental toxicity. Toxic effects on the visceral yolk sac can
lead to malformations in rodents that would likely be of reduced
concern for humans. The importance of toxicokinetics in study
design and interpretation should take into account species selec-
tion, dosing regimen, and extrapolation of data to humans (i.e.,
relative exposure, safety margins). For pharmaceutical evaluation if
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5.3 Daia
Presentation for
Prenatal and Postnatal
(PPN) Studies

possible the route of human exposure should be used if possible as
the route of administration in animal studies. Alternative routes of
exposure may be used (e.g., IV), as long as the dosing regimen
provides an exposure profile representative of that expected in
humans. Characterization of pharmacokinetics (PK) by various
routes will allow design of a dosing regimen that will produce
comparable exposures and provide appropriate coverage of gesta-
tion [40, 75].

There are no specific requirements detailed in the ICH S5(R2)
guidance document regarding the presentation of data; however,
the guidance does recommend “tabulation of individual values in a
clear concise manner to account for every animal that was entered
into the study.” [22] Data should be presented to allow the reader
to follow individual animals from the maternal data and through
birth, lactation, and through the preweaning and postweaning
periods for the F1 generation. While the litter is the experimental
unit for evaluation in the PPN study as with the fertility and EFD
studies, all the tables of individual findings should identify the FO
female /litter or the selected F1 males and females in the PPN study
since there are individual animals assessed in the F1 generation.

Graphical presentation of continuous data (i.e., values for data
collected on multiple days or within a specific time frame such as
mean maternal body weights, F1 generation body weights, activity
scores across time, or startle response across multiple trials) is often
more clearly visualized in a line graph. Summary tables of all major
categories of data are essential but the individual data that contrib-
ute to these means must be in a form that makes the review of the
data easy. Mean absolute body weights, body weight gains, and
mean food consumptions are generally included. Summary and
individual tables of physical observations may also be included.
Summary tables for data collected at littering and during lactation
would include parameters such as postimplantation survival, live
pups delivered; live pups per litter on PNDs 0,4, 7, 14, and 21, live
birth index. For preweaning developmental milestones and reflex
acquisition data should be calculated per litter, and not the individ-
ual pup, as the unit of measure [43].

Parametric analyses are performed for body weights, food con-
sumption, litter size, gestation length, precoital intervals, and
attainment of developmental landmarks. Nonparametric measures
should be used for preimplantation loss, postimplantation loss, pup
postnatal survival, and sex ratios. Behavioral data by nature variable
due to inherent individual animal (or observer) variability should be
analyzed by repeated measure analyses to increase the power of the
test to detect a change [43, 60, 76-78].
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6 Evaluating Biopharmaceuticals for Reproductive and Developmental Toxicity

in Traditional Models

Biopharmaceuticals include recombinant proteins and peptides,
and antibodies that are designed to be highly specific for their
targets in the human body. While the principles of testing are
similar for small molecule pharmaceuticals and large molecule bio-
pharmaceuticals, the practices of preclinical safety assessment often
differ in large part due to the inherent differences in product
attributes between small molecules and large molecules [58]. The
principles of DART testing for biopharmaceuticals are outlined in
International Conference on Harmonisation of Technical Require-
ments for Registration of Pharmaceuticals for Human Use (ICH)
document S5(R2). However, because many biopharmaceuticals are
species-specific, alternate approaches may be needed to evaluate
DART potential as outlined in ICH S6. For molecules that show
species-specific cross-reactivity restricted to nonhuman primates
(NHP), some aspects of DART may require NHP testing. For
biopharmaceuticals that are uniquely specific and only active on
intended human targets or human and chimpanzee targets, surro-
gate molecules that cross-react with the more traditional rodent
species may need to be developed and used for DART testing.
Because biopharmaceuticals are designed to be specific for their
human target, they often show limited cross-reactivity with tradi-
tional toxicology species used for DART testing (rat and rabbit)
and, therefore, nontraditional approaches need to be implemented
for toxicity testing, including DART testing. Also, whereas small
molecules (~<1000 Da) and their metabolites can diffuse across
plasma membranes and the placenta by simple diffusion, large
molecules (including biopharmaceuticals) do not freely diffuse
across membranes, so their distribution is largely limited to the
vascular space. The diffusion of molecules across membranes
depends on molecular size, lipid solubility, degree of ionization,
and plasma protein binding [79, 80]. Because small molecule phar-
maceuticals have the potential to diffuse across plasma membranes,
the gametes and embryo/fetus can be exposed to the pharmaceu-
ticals at any time during reproduction and development [58]. In
contrast, large molecule biopharmaceuticals do not appreciably
diffuse across plasma membranes, including the placenta and,
therefore, have limited access to the conceptus [80]. Due to limited
diffusion, large molecule biopharmaceuticals are not expected to
gain access to the intracellular environment and, therefore, are not
likely to interact with DNA or other intracellular organelles. For
these reasons, large molecule biopharmaceuticals need to be con-
sidered differently from small molecules when evaluating DART
risks. However, certain types of large molecules can cross the pla-
centa by specific active transport mechanisms. For example,
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antibodies are transported across the placenta by Fc receptor—me-
diated endocytosis [81, 82]. Alternatively, genetically modified
transgenic animals may also need to be considered. Surrogate
molecules and transgenic animals may also be considered for
DART testing even if the biopharmaceutical is active in NHPs in
order to reduce the use of NHDPs [58]. Because of the unique
properties of biopharmaceuticals, a case-by-case approach is needed
for DART and general toxicity evaluation, which requires consider-
ation of specific product attributes including biochemical and bio-
physical characteristics, pharmacological activity, and intended
clinical indication [58].

The ICH S6(R1) Guideline Preclinical Safety Evaluation of
Biotechnology-Derived Pharmaceuticals indicates that
biotechnology-derived pharmaceuticals often preclude standard
toxicity testing designs in commonly used species. Therefore, safety
evaluation programs should include the use of relevant species
which is defined as the one in which the test material is pharmaco-
logically active due to the expression of the receptor or an epitope
(in the case of monoclonal antibodies) [58]. The need to conduct
reproductive and developmental toxicity studies is dependent upon
the biopharmaceutical itself, clinical indication and intended
patient population. The study design and dosing schedule should
reflect to the extent possible the intended clinical use and route and
may be modified based on issues related to species specificity,
immunogenicity, biological activity and/or a long elimination
half-life. For example, concerns regarding potential developmental
immunotoxicity, which may apply particularly to certain monoclonal
antibodies with prolonged immunological effects. In some cases,
immunogenicity or the pharmacokinetic parameters of the molecule
may require special study designs modified to assess immune func-
tion of the neonate. If the rodent or rabbit is a relevant species, the
timing of reproductive toxicity studies outlined in ICH M3(R2)
Guideline should be followed for the timing of data on fertility for
products where rodents are relevant species [83, 84].

Immunogenicity can be an issue when rats and rabbits are
chosen for toxicology testing of human proteins. Strategies to
overcome immunogenicity have been used successtully in DART
studies and have been most successful in the rat and rabbit EFD
studies since the treatment period is very short (implantation
through organogenesis). The dose and treatment schedule can be
adjusted by administering a higher dose and/or dosing more fre-
quently to overcome the effects of anti-drug antibodies [58]. An
example is the anti-TNFa receptor Fc fusion protein etanercept was
shown to neutralize rat and rabbit TNFa and, therefore, the rat and
the rabbit were considered pharmacologically relevant species for
DART testing. Longer dose periods detected neutralizing antibo-
dies in rats and rabbits after 2—4 weeks of dosing. The EFD study
was conducted using a daily dosing regimen at high-dose levels to
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6.1 Considerations
of Placental Transfer
in Traditional Species

minimize the impact of immunogenicity. However, fertility and
prenatal and postnatal development studies, which require longer-
duration dosing, were not conducted because the neutralizing
antibody response would have reduced exposure, and thus pharma-
cology, to the biopharmaceutical over time [58].

If a protein is highly immunogenic, it may still be possible to
assess biopharmaceutical-related effects from implantation through
organogenesis by dosing animals during different windows of
development (e.g., if the protein was immunogenic only after
10 days in the 2-week toxicology study, the group size could be
doubled and half the animals could be dosed for 1 week beginning
at implantation and the second half of the group dosed during the
last week of organogenesis) [58]. This type of dosing paradigm is
often used when trying to determine the sensitive period for a
teratogen. It is also important to note that dividing the exposure
into windows of development may change the dose—response or
pattern of developmental effects [85, 86]. Shorter periods of expo-
sure may produce less severe effects on embryo—fetal growth and
lethality, while enhancing the ability to detect malformations.
If embryo—fetal lethality is due to or occurs concurrent with dys-
morphogenesis, reducing the exposure interval (duration) may
improve embryo/fetal survival to manifest increased malformation
rates [86].

A similar cohort study design could also be considered for
fertility and pre/postnatal development studies for immunogenic
proteins. Although immunogenicity is a particular concern for
rodent and rabbit studies, it may also be a concern in higher-
order species including NHPs, requiring that similar dosing strate-
gies be applied [58, 86, 87].

Maternofetal transfer of immunoglobulins between species is
highly variable with extensive gestational transfer of maternal
immunoglobulins in primates (including humans) via the chorioal-
lantoic placenta as well as in rabbits and guinea pigs via the inverted
yolk sac splanchnopleure. Neonatal rodents (rats and mice) receive
passive immunity predominantly postnatally. This transfer is
mediated principally via FcRn receptors [58]. Therapeutic monoclo-
nal antibodies (mAbs) of the IgGl subclass are transported most
efficiently to the fetus. In all animal species used for testing develop-
mental toxicity, fetal exposure to IgG is very low during organogen-
esis, but increases during the latter half of gestation such that the
neonate is born with an IgG1 concentration similar to the mother
(but not rats and mice). Pregnancy outcome data from women
gestationally exposed to mAb is limited. In general, the findings are
consistent with the expected low exposure during organogenesis.
Guinea pigs and rabbits are potential candidates as “alternatives” to
the use of nonhuman primates as the maternofetal transfer in the last
part of gestation is at a level similar in humans [88]. Based on the
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pattern of placental transfer of IgG in humans, study designs that
allow detection of both the indirect effects in early gestation plus the
effects of direct fetal exposure in mid and late gestation are recom-
mended for developmental toxicity of mAbs. It is important to note
that placental transfer of antibodies (mAb and Fc-fusion proteins)
differs between rodents and primates [88]. In humans (and in
NHPs) transfer of antibodies across the placenta occurs primarily
during the latter part of pregnancy, i.¢., after organogenesis [87, 89].
This also appears to be the case for rabbits [80].

If the objective of a rodent development study is to mimic
clinical exposure relative to fetal development, it may be necessary
to adjust the dosing period to provide exposure during critical
periods of development. For example, the rodent immune system
is developmentally immature at the time of birth relative to the
primate immune system [90]. Consequently, certain aspects of
immune system development that occur postnatally in rodents
occur prenatally in primates. In order to mimic effects of human
in utero exposure during the fetal period (i.e., the second and third
trimesters), it would be necessary to treat the pregnant rodents
starting at the end of organogenesis and to continue dosing during
the postnatal lactation period. In rodents, antibodies are effectively
transported in the breast milk and are absorbed across the neonatal
gut by FcRn. In humans and NHPs, IgG antibodies are transported
predominantly across the placenta by FcRn with only IgA antibodies
being transported to any great extent in the human breast milk [91].
With these differences in mind, strategies can be implemented that
mimic human exposure even though the dosing intervals and routes
of exposure may differ between the species.

Despite embryo/fetal exposure differences between rodents
and primates, the rodent is a useful model in evaluating effects of
mAbs on the maintenance of pregnancy and potential effects on the
pregnant female. For non-antibody biopharmaceuticals, which are
not transported across the placenta, species differences in the
placenta are less important and, therefore, rodents are relevant
species for developmental studies as long as they are pharmacolo-
gically relevant.

When no relevant animal species exists for testing the clinical
candidate, the use of transgenic mice expressing the human target
or homologous protein in a species expressing an ortholog of the
human target can be considered, assuming that sufficient back-
ground knowledge exists for the model (e.g., historical background
data). For products that are directed at a foreign target such as
bacteria and viruses, in general no reproductive toxicity studies
would be expected [83].

For the reproductive and developmental toxicology studies, the
drug product that is used in the definitive studies should be com-
parable to the product proposed for the initial clinical studies.
However, with biopharmaceuticals change is inherent in the
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development program as the manufacturing processes are modified
to improve product quality and yields. The potential for such
changes to impact the extrapolation of the animal findings to
humans must be considered. The comparability of the test material
during a development program should be demonstrated when a
new or modified manufacturing process or other significant changes
in the product or formulation are made in an ongoing development
program. Comparability can be evaluated on the basis of biochemical
and biological characterization (identity, purity, stability, and
potency). In some cases additional studies may be needed (i.c.,
pharmacokinetics, pharmacodynamics and /or safety). The scientific
rationale for the approach taken should be provided [83].

When the weight of evidence (e.g., mechanism of action,
phenotypic data from genetically modified animals, class effects)
suggests that there will be an adverse effect on fertility or pregnancy
outcome, these data can provide adequate information to commu-
nicate risk to reproduction, and under appropriate circumstances
additional nonclinical studies might not be warranted [83].

Alternative models including transgenic rodents (knockout
mouse) can be used in some cases but concern exists that these
models may not accurately predict the effects of the candidate on
pregnancy due to target redundancy or embryo lethality. Rodent
homologous proteins that are functionally and structurally analo-
gous to the clinical candidate and recognizes the homologous
therapeutic target in the rodent may be a viable alternative to
testing of the candidate molecule. However, differences in produc-
tion and formulation from the clinical candidate may introduce
confounding variables, and this approach essentially requires devel-
opment of a second, parallel drug. Even a structurally dissimilar
tool molecule may be used to evaluate on-target effects if functional
similarity in the test species is established [40].

The species-specific profile of embryo—fetal exposure during
gestation should be considered in interpreting studies. High
molecular weight proteins (>5000 Da) do not cross the placenta
by simple diffusion. For monoclonal antibodies with molecular
weight as high as 150,000 Da, there exists a specific transport
mechanism, the neonatal Fc receptor (FcRn) which determines
fetal exposure and varies across species [58].

7 Reproductive and Developmental Toxicity Evaluations in the Nonhuman Primate

7.1
Biopharmaceuticals

Nonhuman primates (NHP) are most frequently used for Devel-
opmental and Reproductive Toxicity (DART) testing when
rodents and /or rabbits are not pharmacologically relevant species.
Demonstration of pharmacological relevance is an absolute
requirement for biopharmaceuticals (ICH S6: Preclinical Safety
Evaluation of Biotechnology-derived Pharmaceuticals). Because
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7.2 ICH
Considerations

for Nonhuman Primate
DART Studies

many biopharmaceuticals are human proteins that have been
designed to be highly specific for their human target, they often
exhibit pharmacological activity in humans and NHPs only. The
NHP is often the only pharmacologically relevant species for
DART testing. If the biopharmaceutical is less potent in the
animal species than in humans, it may still be possible to use that
species for DART testing if the dose levels and/or the dosing
frequency can be increased sufficiently to produce adequate clini-
cal safety margins taking into consideration the difference in
potency. Because of the necessity to use NHPs for some biophar-
maceuticals, a larger proportion of biotechnology-derived
products have been tested in NHPs than traditional small-
molecule pharmaceuticals [39].

The ICH S5(R2) guidance document is applicable to both small-
molecule pharmaceuticals and to large-molecule biopharmaceuti-
cals. However, nonclinical development of biopharmaceuticals, as
noted in the previous section requires investigators to give consid-
eration to species specificity and immunogenicity as outlined in the
ICH S6 guidance document. Human proteins are foreign to ani-
mals, and therefore antibodies towards the biopharmaceutical can
occur [92, 93]. The formation of anti-drug antibodies (ADA) can
lead to enhanced clearance of the biopharmaceutical, reducing
exposure which may lead to an overestimation of safety or may
over-estimate the toxicity [39]. ADA responses in animals are not
expected to be predictive of human responses because in humans
the human protein is not xenogenic. Immunogenicity that limits
dosing in toxicology studies occurs more frequently in rodents than
in NHPs, and therefore the decision to use NHPs for DART studies
may be based upon immunogenicity considerations as well as phar-
macology [39].

There are many advantages of using NHDPs for DART testing.
The NHP species most frequently used for general toxicity and for
DART testing is the cynomolgus macaque (Macaca fascicularis)
[94-96]. Cynomolgus macaques are readily available and are not
seasonal breeders, so DART studies can be initiated at any time
throughout the year. Historical databases are available in this spe-
cies. Rhesus macaques (Macaca mulatta) or marmosets (Callithrix
Jacchus) can also be used although there are certain limitations of
using these species, such as seasonal breeding in rhesus macaques
[95-97]. Baboons and chimpanzees are not acceptable species for
DART testing because of their lack of availability, lack of historical
control data, and because of the ethical considerations associated
with the use of these species [95].

There are some disadvantages of using macaques for DART
testing versus using rodents. Macaques, like humans, have a low
natural fertility rate, high spontaneous abortion rate, and are sus-
ceptible to prenatal and postnatal losses [58, 96]. Due to single
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7.3 Study of Fertility
and Early Embryonic
Development

to Implantation
Evaluation

births and the low fertility rates a large number of NHPs need to be
mated in order to produce the desired number of successful preg-
nancies for DART evaluation [93, 95].

The equivalent ICH S5 (R2) Stages A and B cannot really be
assessed in NHPs for several reasons. In order to assess a statistically
significant number animals in a NHP “fertility” study an evaluation
of least 90 NHPs per treatment group would be required to ensure
a sufficient number of pregnancies to detect a treatment-related
change [58]. The conception rate also is low (45-50 %) therefore
assessing the effects on reproduction and fertility in the NHP is not
feasible for ethical, logistical, or economic reasons [93, 96]. Indi-
rect measurements of fertility are assessed in NHPs either as sepa-
rate studies or during repeated dose toxicology studies if sexually
mature animals are included. There are disadvantages of using
macaques for DART testing. Macaques, like humans, have a low
natural fertility rate, high spontaneous abortion rate, and are sus-
ceptible to prenatal and postnatal losses [95, 96, 98, 99]. It is both
expensive and problematic that a large number of NHPs need to be
mated in order to produce the desired number of successful preg-
nancies for DART evaluation. The M3(R2) guidance document
does not differentiate between fertility studies conducted in
rodents and fertility (reproduction) studies conducted in NHPs,
even though the ICH S5(R2) does not require a non-rodent evalu-
ation of fertility. Therefore, both stand-alone NHP reproduction
studies for biopharmaceuticals intended for chronic use in patients
of reproductive age, or evaluation of reproductive endpoints as part
of chronic toxicology studies (as long as sexually mature animals are
used), have been used [58].

According to the ICH M3(R2) guidance document, an evalua-
tion of fertility is needed before the initiation of large-scale or long-
duration clinical trials (e.g., Phase III trials). However, ICH S6(R1)
notes that if the NHP is the only pharmacologically relevant species
for assessing potential effects on mating, conception and implanta-
tion the male and /or female reproductive toxicology endpoints can
be evaluated in the NHP, either in a stand-alone study design (if
there is cause for concern) or (more commonly) incorporated into
chronic toxicity studies of adequately long dose duration [86]. If a
study is required a sufficient number of sexually mature NHPs need
to be sexually mature at the start of the study. Unlike fertility
studies in rodents, in NHPs it is not practical to conduct these
studies by mating trials; instead, reproduction is evaluated by a
number of surrogate markers [39].

When the NHP is the only relevant species, the potential for
effects on male and female reproduction can be assessed in repeat
dose toxicity studies of at least 3 months duration using sexually
mature NHPs. As with rodents body weight and age are the most
accurate markers for sexual maturity. A study design would include
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standard reproductive organ weights and histopathology, and in
females assessment of menstrual cycles. If there is a specific cause for
concern based on findings in earlier repeat-dose toxicology studies
or based on the target biology, specialized assessments may be
included such as sperm count, sperm morphology/maotility, testic-
ular volume, spermatogenic staging, and male or female reproduc-
tive hormone levels. Alternatively, if a cause for concern exists, a
stand-alone male and/or female reproductive study can be
conducted. In either case, a weight-of-evidence approach should
be used for data analysis, including all available data related to
reproductive function [58].

Sexual maturity should be determined in both sexes prior to
assignment to a fertility assessment. For both genders, maturity
should be confirmed by biological endpoints (e.g., menstrual
cycling for females, presence of sperm in semen for males). Body
weight is highly correlated with attainment of sexual maturity along
with biologic age. Cynomolgus macaques are readily available and
are not seasonal breeders, so DART studies can be initiated at any
time throughout the year. Historical databases are available in this
species. Females should be at least 3 years old and approximately
2.5 kg or more with confirmation of three regular menstrual cycles
prior to placement on study [78]. Vaginal swabs are commonly
used to assess stage of menstrual cycle by observation of the
amount of vaginal bleeding [39, 78]. An important study design
consideration in female reproductive testing in NHPs is whether
the study is scheduled with respect to the stage of the menstrual
cycles of the females (e.g., dosing, blood collections for hormone
analyses, and /or necropsy can be scheduled to occur at the same
stage of the menstrual cycle) or not. Such adjustment, e.g., start of
dosing on day 1 of the cycle, provides more complete and easier-to-
interpret reproductive hormone data, and allows all of the females
to undergo necropsy at the same stage of their cycles (not doing so
sometimes creates apparent test article—related effects on standard
toxicity studies). This adjustment to stage of the menstrual cycle
can be employed in a stand-alone reproductive study design, but is
less practical in the context of a chronic toxicity study [39]. Males
reach sexual maturity later (4 plus years) and are also heavier (3.5 kg
or greater). Assessment of maturity in males should be confirmed by
evaluation of sperm [39]. Males should be dosed a minimum of
60 days prior to mating to cover an entire spermatogenic cycle [78].

In the fertility study, mating and conception are not practical
end points in NHDPs, the assessment of fertility is focused on effects
on reproductive potential rather than fertility per se. The tests
conducted in NHPs are essentially the same tests as those con-
ducted in human fertility clinics, and therefore the primate study
designs deviate from the rodent study designs in this respect [58].

Potential effects on male and female fertility can be assessed by
histopathologic evaluation, assessment of menstrual cycling and
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7.4 Embryo—Fetal
Development (EFD)
Study

sperm assessments including evaluation of motility, morphology,
sperm counts, and testicular size. Hormone analysis: estrogen and
progesterone at minimum, since these are the main determinants of
the primate ovarian cycle. If effects on estrogen and /or progesterone
are detected, additional follow-up analyses may include LH (lutei-
nizing hormone) and FSH (follicle-stimulating hormone) [39].
For stand-alone study designs, an example blood sampling schedule
would be every 2 days during the follicular phase (to ensure capture
of the estrogen and LH peaks), and every 3 days during the luteal
phase. For designs incorporated into a chronic toxicity study, an
example blood sampling schedule would be three times per week
for approximately 6 weeks (to cover long-duration cycle lengths),
conducted once during each phase of the study (pretreatment,
dosing, and recovery). Measurement of inhibin A and B to evaluate
luteal and follicular phase can also be considered [39].

For the EFD NHP study design, sexually mature males (approxi-
mately 3-6 years old for cynomolgus monkeys) are used (only for
breeding in EFD studies). Sexually mature females (approximately
2-5 years old) are mated to males. For both genders, maturity
should be confirmed by biological endpoints (e.g., menstrual
cycling for females confirmed by vaginal swabs, presence of sperm
in semen for males). This is critical to ensure regular menstrual
cycles, predicting optimal time for mating, and maximizing preg-
nancy rates. Each female is cohoused with a breeder male for 3 days
tor mating, with pregnancy confirmed by ultrasound on GD18-20;
the second day of mating is considered GDO. Based on typical
abortion rate of 15-20 % over the entire length of gestation,
assignment of 12-14 pregnancies per group should be adequate
in most cases (in the absence of test article-related effects) to obtain
at least ten viable fetuses per group at C-section [19, 39].

For developmental toxicity studies in NHPs, it is necessary to
confirm that the animals are pregnant by the presence of a gesta-
tional sac and/or yolk sac, before dosing is initiated (usually by
GD18-20) [58]. A standard NHP embryo—fetal development pro-
tocol has been developed in which the pregnant females are dosed
during the period of organogenesis (GD20-50) and fetuses are
obtained by caesarean section (C-section) at a time when adequate
morphological and skeletal development (GD100) can be assessed
[39, 100]. The basic study design is modeled on the rodent and
rabbit study designs. However, experience with NHP embryo—fetal
development studies and an understanding of human biology has
indicated that this basic study design is not always the optimal
design for all types of molecules or for all therapeutic classes of
molecules. However, it is becoming clear that when NHPs are
being used for DART testing, a standardized segmented approach
may not be optimal from an animal-usage or scientific basis [39].
A single well-designed developmental study that takes into
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consideration the type of molecule being tested, the pharmacology,
and the intended clinical use may be preferable. For example, a
single enhanced prenatal and postnatal development (ePPND)
design option may be sufficient to evaluate developmental effects
of therapeutic monoclonal antibodies [58]. In this enhanced study
design, NHDPs would be dosed from the beginning of organogene-
sis (GD20) through to birth, and the offspring would be evaluated
for a number of months postpartum for any functional or structural
defects [58].

Some biopharmaceuticals (e.g., monoclonal antibodies), trans-
port across the placenta may not occur until the second or third
trimester [58]. Also, potential target organ systems such as the
immune system are likely to continue development during this
time [96]. For macaques, the conventional dose duration of
GD20-50 may be extended for some pharmaceutical and biophar-
maceutical EED studies to optimize exposure of the fetus and later-
developing organ systems for example the immune system. Dosing
may be extended until GD90-100 (or later) and C-sections delayed
until GD120-140 (natural birth is typically ~GD160). C-sections
could be performed even later in gestation (e.g., GD150). How-
ever, macaques are prone to late pregnancy losses such as stillbirths
or premature births, and that will reduce the number of fetuses
available for examination [39, 99]. Therefore, a larger number of
pregnancies are needed in EFD studies that are carried to near
term, in order to ensure a sufficient number of fetuses for
examination.

Standard design (e.g., small molecule) is a control group and
three dose groups (test article treated). Biologics will frequently
employ a control group and two dose groups, usually multiples of
the clinical dose if no toxicity is expected. The use of a control
group and a single treatment group has also been suggested to
reduce NHP use [19, 83, 101, 102]. Dose selection is usually
based on data from general toxicity (nonpregnant) studies, but a
dose-ranging study in pregnant females may be conducted (e.g.,
n =5 per group) [39].

Since the fetal immune system continues to develop until later
in gestation dosing may be extended into the fetal period for test
articles with known effects on the immune system [103]. The same
logic may apply to other organ systems continuing development
such as the nervous system. For monoclonal antibodies, based
structurally on an IgG backbone, dosing is best extended into the
tetal period, to GD90 or 100 or even later to ensure fetal exposure
[58,94]. This is because Fc—receptor-mediated placental transfer of
IgG occurs during the fetal period, especially the late fetal period, in
both humans and NHPs [104]. GD140 is suggested as the maxi-
mum practical time point for termination of dosing and C-section,
to avoid increasing probability (and confounding factor) of live
birth and stillbirths after this interval [39].
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Dosing may be extended until GD90-100 (or later) and C-
sections delayed until GD120-140 (natural birth is typically
~GD160). C-sections could be performed even later in gestation
(e.g., GD150). However, macaques are prone to late pregnancy
losses such as stillbirths or premature births, and that will reduce
the number of fetuses available for examination [99]. Therefore, a
larger number of pregnancies is needed in EFD studies that are
carried to near term, in order to ensure a sufficient number of
fetuses for examination.

Ultrasounds are conducted throughout gestation until sched-
uled C-section as a check of fetal viability. Can also include a
number of fetal measures [e.g., fetal length, long bone length,
abdominal circumference, head circumference, biparietal diameter,
and /or occipitofrontal diameter although these may be considered
optional for an EFD study due to measurements conducted at
C-section [105]]. GD140 suggested as maximum practical for
termination of dosing and C-section, to avoid increasing probabil-
ity (and confounding factor) of premature births and stillbirths.
Evaluations immediately after C-section include evaluations of
amniotic fluid (volume, clarity), placenta (weight, number of
disks, disk(s) diameter, appearance of maternal and fetal surfaces,
location of cord insertion), and the umbilical cord (length) [105].

Maternal toxicokinetics (TK) can be conducted to evaluate
maternal /fetal exposure ratios and may help determine if TK in
pregnant females is different from that determined in nonpregnant
animals in general toxicity studies. For biologics, determination of
anti-drug antibodies is usually included to help determine if the test
article is immunogenic and to consider potential impact on TK[78].
Clinical pathology can include hematology, serum chemistry, coagu-
lation parameters, and/or urinalysis can be included if a specific
purpose only [e.g., documentation of expected maternal toxicity,
confirmation of expected pharmacodynamic (PD) effect] is
expected. Maternal immunologic evaluations: e.g., immunoglobulin
levels, (immunophenotyping) can add significantly to the assessment
of maternal toxicity and response to the biopharmaceutical under
evaluation [104].

External examination of fetus includes fetal weight and mor-
phometric measurements (e.g., crown-rump length, head circum-
ference, long bone length, and anogenital distance). Visceral
examination of fetus for internal organ morphology can also
include weighing selected tissues/organs. Selected fetal tissues
may also be evaluated by histopathology and/or immunohisto-
pathology. GD100 and 140/150 fetuses can be processed and
stained with Alizarin red for skeletal evaluation. Alternatively, if
C-sections are conducted late in gestation, it may be more conve-
nient to take radiographs for the skeletal exam (avoids prolonged
time required to process larger fetuses for Alizarin red) [39].
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7.5 Enhanced Study
Design for Prenatal
and Postnatal
Development (e-PPND)

Unmbilical cord blood can be collected for TK evaluations.
Blood sampling allows confirmation of fetal exposure and calcula-
tion of maternal /fetal ratios. Evaluation of anti-drug antibodies
usually included for biologics. Levels of test article in amniotic
fluid can also be determined. Since the number of NHP fetuses
available for gross visceral examinations is relatively small, histopa-
thology of major organs or target organs can also be included.
Evidence of histologic effects may be of help in the consideration
of a mechanism of abnormal development of some organs or tis-
sues. Evaluations of the fetal immune system can include: flow
cytometry (limited by blood volume), lymphoid organ weights
(mainly spleen due to small size of fetuses), histopathology, and /
or immunohistopathology [39, 104].

Prenatal and postnatal development study protocols in NHPs are
less well established than the embryo—fetal development protocol.
The enhanced prenatal and postnatal development study (ePPND)
is a study that combines endpoints of both the traditional EFD and
PPND studies in which dosing is extended throughout gestation to
parturition [106]. The study design which appears to be the most
appropriate to evaluate mAbs assesses the indirect effects in early
gestation and the effects of fetal exposure and through postnatal
development [39].

Developmental toxicity studies in NHDPs can only provide haz-
ard identification. The sponsor should justify the study design if
other NHP species are used. The developmental toxicity studies in
NHPs as outlined above are just hazard identification studies;
therefore it might be possible to conduct these studies using a
control group and one dose group, provided there is a scientific
justification for the dose level selected [19]. An example of an
appropriate scientific justification would be a monoclonal antibody
which binds a soluble target with a clinical dosing regimen intended
to saturate target binding. If such a saturation of target binding can
be demonstrated in the animal species selected and there is an up to
tenfold exposure multiple over therapeutic drug levels, a single
dose level and control group would provide adequate evidence of
hazard to embryo—fetal development [83].

If women of child-bearing potential are included in clinical
trials prior to acquiring information on effects on embryo—fetal
development, appropriate clinical risk management is appropriate,
such as use of highly effective methods of contraception (see ICH
M3(R2) Guideline). For biopharmaceuticals pharmacologically
active only in NHPs, where there are sufficient precautions to
prevent pregnancy (see ICH M3(R2) Guideline, Section 11.3,
Paragraph 2), an EFD or ¢ePPND study can be conducted during
Phase III, and the report submitted at the time of marketing
application [83]. When a sponsor cannot take sufficient precaution
to prevent pregnancy in clinical trials, either a complete report of an
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7.6 Juvenile Toxicity
Studies in NHPs

EFD study or an interim report of an ePPND study should be
submitted before initiation of Phase III. Where the product is
pharmacologically active only in NHPs and its mechanism of action
raises serious concern for embryo—fetal development, the label
should reflect the concern without warranting a developmental
toxicity study in NHPs and therefore administration to women of
child-bearing potential should be avoided [83].

For the single ¢ePPND study design described above, no
Caesarian section group is warranted, but assessment of pregnancy
outcome at natural delivery should be performed. This study
should also evaluate offspring viability, external malformations,
skeletal effects (e.g., by X-ray), and, ultimately, visceral morphology
at necropsy. Ultrasound is useful to track maintenance of pregnancy
but is not appropriate for detecting malformations. These latter
data are derived from postpartum observations. Because of con-
founding effects on maternal care of offspring, dosing of the
mother postpartum is generally not recommended. Other end-
points in the offspring can also be evaluated if relevant for the
pharmacological activity. The duration of the postnatal phase will
be dependent on which additional endpoints are considered rele-
vant based on mechanism of action [83].

Pregnancies are allowed to continue to natural delivery, and the
infants are subsequently evaluated for growth and development,
most commonly up to 6 months. However, the postpartum dura-
tion can be as long as 12 months of age, if for example there is
prolonged recovery from pharmacodynamic effects in the infants or
if CNS assessments involving memory and learning are part of the
study design. Hence, in this study design ultrasound measurements
during pregnancy confirm pregnancy status and the external,
visceral, and skeletal evaluations are done on the infant [39, 83].
The advantage of this study design is the reduced use of NHDPs by
combining the EFD with the PPND study. The disadvantage is that
if there is an increase in spontaneous abortions during the early or
late stage of gestation or if the test article is an abortifacient, then a
large number of animals may be needed to ensure a sufficient
number of neonates for evaluation [39, 106].

The goal to develop a nonclinical development plan that adequately
addresses safety concerns for the intended use in specific pediatric
populations must take into consideration the specific pharmaco-
logic properties of the biopharmaceutical, the clinical development
plan, the therapeutic indication and age of pediatric population.
Both EMA and FDA emphasize the importance of the case by case
approach in developing the study design to support the clinical
program and clinical use in pediatric patients. Design of the Juve-
nile Toxicity Study in the NHP must be designed taking into
consideration the existing nonclinical toxicology data available
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Table 2

Species considerations for juvenile toxicity testing with biopharmaceuticals

Species Advantages Disadvantages
Nonhuman Maybe the only pharmacologically e Large vendor colonies needed to
primate responsive model for testing procure adequate numbers of

Information from previous General
Toxicology and/or DART studies
maybe available from nonclinical
development program

Size and body weight allows collection
of multiple biologic specimens and
evaluation of a variety of endpoints

Postnatal developmental time-points
of many organ systems are well
characterized

Immunoassays available

Techniques are available in adult
NHPs that have been adapted to
neonatal and juvenile age ranges
Standardized tests are widely used for
neurobehavioral testing, including
learning and memory

appropriately aged animals, of both
genders

Vendors typically do not have
animals available (approx.

12 months old) to provide match to
clinical pediatric age range.

Long development period until
sexual maturity prohibits evaluation
of full span of postnatal
development.

Limited historical control data for
some data types due to infrequent
use for juvenile testing

Potential animal welfare issues due
to separation from mother
Expensive due to animal costs, time
required (vs. rodent)

A limited number of laboratories
have experience and technical
expertise to conduct these studies

Adapted from Morford [39]

and because each molecule is different (Table 2). Extensive inter-
actions with regulatory agencies are critical for the development of
the juvenile toxicity study design to obtain their concurrence on the
study design. A targeted approach for the NHP study design
should be used to specifically address toxicity concerns uncovered
in previously conducted toxicity studies. The study should be tar-
geted for a detailed evaluation focusing on specific organ system(s)
of concern [39].

NHPs can be a useful model for juvenile toxicity testing, and
may be the species of choice when used previously for general
toxicity and /or reproductive toxicity testing in a drug development
program. Their obvious phylogenetic similarity to humans, NHPs
have advantages compared to other species as relates to evaluation
of the developing immune system, nervous system (including
behavior), and skeletal system. Consensus on the age for animals
in juvenile NHP studies has not been reached; however, in general
an age range between 9 and 36 months is appropriate and practical.
This age spans the gap between the neonatal /infant phase of devel-
opmental and reproductive toxicology studies and the age typically
used for general toxicology studies (young adults but sexually
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immature). The design of a NHP juvenile toxicity should be devel-
oped on a case-by-case basis given the consideration of the phar-
macologic properties of the test article and the clinical situation
being supported [39].

Awareness of model-related constraints of NHP consists of
animal availability and study logistics. It is pivotal to distinguish
between neonatal and juvenile (i.e., before sexual maturity) ani-
mals. Pregnant NHDPs are typically not available from breeders.
Consequently, in cases where neonatal animals are needed, the
need for breeding at the site of study conduct must be considered.
In reality, a study utilizing neonatal monkeys of this age would
require breeding the animals at the Testing Facility to obtain neo-
nates that could then be dosed directly. This has significant implica-
tions on the prestudy timing as average pregnancy duration in
cynomolgus monkeys is 160 days and gender distribution of neo-
nates would be random. The inability to control gender distribu-
tion has practical implications as well as animal welfare implications.
Imbalances in the number of male and female infants will affect
study design and, if too many neonates of one gender are being
delivered. Also, depending on the specific questions being
addressed by the juvenile toxicity study (such as concerns regarding
male reproductive organs), only a single gender may be needed.
Transport regulations may also have a bearing on the conduct of
NHP juvenile toxicity studies in terms of the age range of available
animals. International regulations for shipping of juvenile NHP
(without their mothers) generally require the animals to be at
least 12 months old. Domestic country-specific shipping regula-
tions may allow juvenile monkeys to be shipped from vendors at
approximately 8-9 months of age (i.e., postweaning). Younger
animals may be available but must be shipped along with their
mothers, and as NHP breeders usually prefer not to provide mater-
nal animals along with infants, the conduct of studies in animals
younger than 9 months poses a significant challenge [107].

As a general recommendation compromising between animal
availability and study feasibility, an age range of 9-36 months has
been suggested for NHP juvenile toxicity studies. Given the recent
changes in NHP transport regulations, 12—36 months may become
the reality. When close to 36 months age range, it is important to
evaluate whether some animals have already reached sexual matu-
rity, as may be the case for female cynomolgus monkeys but less
likely for male animals [39, 93].

There are additional considerations for conducting juvenile
NHP studies. Many biopharmaceuticals induce immunomodulatory
activity and consideration should be given in these studies to evaluate
immune system function. Due to the length of the maturation
period in NHPs, assessment of reproductive capacity is not feasible.
A clear delineation of the stage of reproductive development (imma-
ture, peripubertal, or mature) should be made for individual animals
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at the time of histopathologic exam and these data should be used in
the assessment of potential juvenile toxicity, Additionally, NHPs
growth and development is difficult to monitor in juvenile macaques
and is further complicated by individual variability, protracted
growth period and the long period of skeletal development
(7-8 years well beyond a feasible observation period) [ 19]. Historical
data is employed to assess developmental milestones and skeletal
development can be assessed by radiography and DEXA [107].

One of the current challenges in drug development for pediat-
ric populations is determining when to initiate a juvenile toxicity
study. In Europe, the EMA generally expects that a PIP be initiated
once adult PK data are available, which is usually early in clinical
development. This request for a relatively early pediatric strategy is
not a current part of regulatory expectations in the USA (FDA).
For companies planning a worldwide development strategy, this
presents challenges to develop a concurrent strategy that will have
global regulatory acceptance [107].

8 Alternative Methods Used for Reproductive and Developmental Toxicity Testing

Alternatives to animal testing in developmental toxicology have
been the subject of at least three decades of research. These inves-
tigations have a common goal to reduce animal experimentation, to
refine effect assessment and mechanistic studies, and to accelerate
and simplify safety testing in an area of toxicology that uses rela-
tively many animals. Many alternatives have been developed over
the years with different complexities, using biologic material rang-
ing from continuous cell lines to complete embryos. The validation
of alternatives and their application in testing strategies is still in its
infancy, although significant steps towards these aims are currently
being made. The introduction of the genomics technology is a
promising emerging area in developmental toxicity testing
in vitro. Future application of alternatives in testing strategies for
developmental toxicity may significantly gain from the inclusion of
gene expression studies, given the unique program of gene expres-
sion changes in embryonic and fetal development. Existing alterna-
tive methods for developmental toxicity testing can roughly be
subdivided into three types of systems with increasing complexity:
cell cultures, organ cultures, and embryo cultures. Cell cultures
have the disadvantage of simplicity with the advantages of ease of
performance and minimal or no animal use, while on the other end
of the spectrum, embryo cultures are advantageous in that they
incorporate more developmental mechanisms and end-points with
the disadvantages that they are more laborious and use more
animals [108].

Capabilities for early screening of drug candidates for potential
developmental toxicity have evolved quickly in the last several years
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and several assays are becoming a regular part of the extensive
process of selection of optimal molecules to advance for develop-
ment programs for potential medicines. Developmental toxicity
assays selected for use must have high throughput capabilities and
deliver data quickly with precision and reliability to enable differen-
tiation [prioritization] of compounds. Test systems, such as whole
embryo culture, zebra fish and stem cell cultures, whose develop-
mental responses are well characterized have the potential to be
used in combination with other screening assays to generate data
that allow for comparative analysis of toxic potency. More often,
however, the data from early screening alerts a company to a
potential developmental risk. In such cases, the subsequent devel-
opmental studies can be modified, or focused, or mechanistic stud-
ies can be devised, to better assess that potential risk. These assays
can aid in compound selection early in the drug development
process but they will not replace the more thorough regulatory
testing that must occur for a drug to be approved for use [109].

The main issues of the validity of a toxicity test system are its
reproducibility and its predictivity. As to reproducibility, this per-
tains not only to results within one laboratory, but in addition the
test should give comparable results in different laboratories, prefer-
ably allowing some flexibility in methodology. Flexibility in meth-
odology facilitates the introduction of a test system in a laboratory
and when possible is a sign of robustness. The ECVAM validation
study of rodent postimplantation embryo culture allowed the use of
different rat strains, different culture media and different culture
apparatus. Nevertheless, a high reproducibility of results between
laboratories was found [110].

Whole embryo culture systems offer the most complete in vitro
alternatives for animal testing. The embryo culture which has
received most attention is undoubtedly rodent postimplantation
whole embryo culture. There are currently three validated alterna-
tives in developmental toxicology for which standard protocols are
available from the website of the European Centre for the Valida-
tion of Alternative Methods (ECVAM). These are the embryonic
stem cell test (EST), the limb bud micromass, and the rat postim-
plantation whole embryo culture (WEC). These three tests have
been formally validated in a study involving four independent
laboratories for each alternative test system and 20 chemicals that
were tested in a double-blind protocol in each test. The application
of these tests as valid alternatives to animal testing in developmental
toxicology is still under discussion [108, 110, 111].

The toxic effects of exposures to xenobiotic compounds may
become apparent either directly after exposure or after a longer
period of time. Especially in the latter situation, short-term
in vitro assays may not be able to detect these effects at the level
of morphologic events. However, at the molecular level, early
effects of test compounds may be detectable that predict toxic



Nonclinical Safety Assessment of Developmental and Reproductive Toxicology. .. 103

8.1 Embryonic Stem
Cell Test (EST)

effects that may occur in due time later on in development in the
in vivo situation. The application of genomics and proteomics to
determine early effects of compounds in in vitro assays may there-
fore increase the sensitivity of in vitro assays and bridge the gap
between early markers and late effects [ 108].

The application of differential gene expression analysis as a tool
for studying the toxicity of chemicals in in vitro systems looks
especially promising in the field of developmental toxicology.
Embryo—fetal development is uniquely driven by gene expression
changes which are programmed in time and space. Interference
with programmed gene expression is likely an early effect on the
route to malformation. A wealth of model systems employed in
developmental biology including knock-out mutants and morpho-
lino knockdowns in the Zebrafish model [112].

The embryonic stem cell test (EST) described by the European
Centre for Validation of Alternative Methods (ECVAM) used
extensively for in vitro screening for possible embryotoxic effects
of chemicals and drug candidates. Mouse embryonic stem cells
(mESC) are maintained in culture as pluripotent cells by incubation
with leukemia inhibitory factor (LIF). Cytotoxicity is determined
tor 3T3-A31 fibroblasts and for ES cells. The test evaluates the
ability of the ES cells to differentiate into functional contracting
cardiomyocytes after exposure to the test article. The stem cells can
be further evaluated for the ability to differentiate in vitro, to all of
the components of the embryo. The processes involved in establish-
ing each embryonic layer (e.g., ectoderm, mesoderm, and endo-
derm) and the subsequent differentiation of these embryonic cells
are recapitulated in this model. Thus, the model has the capability
to assess many of the events associated with embryogenesis. One of
the future advances will likely be the use of molecular markers to
evaluate phenotypic differentiation. Another advantage of this sys-
tem is that it carries out a direct comparison between differentiation
and cytotoxicity /proliferation. This comparison may add to our
ultimate characterization of xenobiotics as developmental toxicants
in vivo. Because of the nature of the ESCs, the EST is amenable to
relatively high-throughput modifications (robotics, scale reduc-
tions) for culture and a point-by-point visual evaluation of a physi-
cal structure to facilitate morphologic evaluations (such as
contraction or large lipid droplets) [113, 114]. Also, once derived,
the mESC do not require the use of animals, which is a major
benefit in some contexts. In contrast, for several human ESC lines
maintenance culture of the pluripotent cells does use a feeder layer
of mouse embryonic fibroblasts that requires the use of additional
animals. Advances are currently being made for xeno-free hESC
culture that would not require animals [113-115].
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Three endpoints are commonly evaluated to assess the embry-
otoxic potential of the test article:

1. Inhibition of differentiation into beating cardiomyocytes
2. Outgrowths compared to cytotoxic effects on the stem cells
3. Differentiation of the 37T3 fibroblasts

An extensive amount of research has been conducted with
variations of this test to validate the methods using 20 test com-
pounds of known embryonic toxicities [ 113, 114]. Classification of
teratogenicity was based on the premise that a threshold of meta-
bolic perturbation could be identified for individual metabolites
that is associated with developmental toxicity. This threshold of
metabolic change is called the teratogenicity threshold and is a
measure of the magnitude of metabolic perturbation required to
differentiate teratogens from nonteratogens. The teratogenicity
threshold was empirically generated for ornithine, cystine, and the
o/c ratio by iteration through a range from 10 to 25 % change to
identify a one- or two-sided asymmetric threshold that was able to
classify the training set with the greatest accuracy and highest
sensitivity. In the case of a tie in classification accuracy and sensitiv-
ity between one- and two-sided thresholds, one-sided thresholds
were given priority to favor simplicity. A teratogenicity threshold
was determined for each phase of the study, since the assays per-
formed in Phase 1 used only a single concentration of each com-
pound and the targeted biomarker assay developed in Phase
2 utilized an exposure-based approach. The teratogenicity thresh-
old was determined in Phase 2 using only the results from the
training set. This threshold was then applied to the results from
the test and application sets [113-115].

The stem cell test is relatively simple to carry out, and the main
endpoint (scoring of beating) requires no in-depth knowledge of
phenotype and morphologic development. The assessment of pro-
liferation and cytotoxicity relies on standard, well established assays
already in use in many laboratories. Thus, there is only limited
additional training required for laboratories already adept at cell
culture to carry out the EST as described in the ECVAM protocol.
The assay is more amenable to relatively high-throughput modifi-
cations (robotics, scale reductions). The EST seems to work best at
both ends of the activity spectrum: if a compound is classified as not
a developmental toxicant, there is a very high chance (>90 %) that
this will be true. For strong developmental toxicants, the assay finds
them all, but the assay can also classify some weak and non-
toxicants as strong developmental toxicants. The current predictive
model for the EST depends largely on the absolute concentration
for the various toxicities; i.e., a very low effective concentration for
producing cytotoxicity will drive the model to categorize the com-
pounds as “Strong,” even if its in vivo activity is weak or less. And,
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8.2 Whole Embryo
Culture (WEC)

like the WEC, this assay lacks a maternal component, and has limited
metabolic capability (although the use of S9 can add this when
necessary); this is both a strength and a weakness. The strength is
that metabolites and parent compounds may be tested individually
and the true active agent identified. Conversely, identifying and
obtaining the metabolite(s) may be a challenge [114, 115].

There are disadvantages of the EST as well. The absence of a
meaningful maternal component means that the assay is currently
limited in its ability to model the direct effects of the compound on
the developing system and predict dose-limiting maternal toxicity.
It is not impossible to predict developmental effects produced by
changes in maternal physiology (e.g., acidosis) that, in turn, alter
development in vivo. The current EST model over-predicts some
activities, such that many developmental non-toxicants are classi-
fied as toxicants by the assay. Effectively segregating nontoxic and
weakly toxic compounds is one of the greatest challenges for the
assay. Another potential liability of the EST is its reliance on one
differentiation outcome in the assessment. The identification of
beating cells as a marker of cardiomyocyte differentiation may be
confounded by an effect of the compound (test agent) on the
contraction of the cardiomyocytes (such as altered energy produc-
tion) or a direct cardiomyocytes toxicant. Also, there is no ditfer-
ence in the assessment of differentiation when one well has ten
beating cells compared with a well that contains 10,000 beating
cells. Thus, this lack of discrimination in what constitutes “differ-
entiation” may add to a lack of specificity in the assay. Further, the
random differentiation in embryoid bodies and fact that the differ-
entiated cells produce yet unknown growth /protective factors and
cell types adds another layer of uncertainty. In general this assay also
does not produce late-differentiating cell types that can be seen in,
e.g., teratomas [114].

An exciting area under development is the use of molecular
markers to assess multiple differentiation phenotypes in mESC after
undirected differentiation. Using a quantitative approach, the rela-
tive level of mRNA for specific molecular markers (e.g., a-MHC for
cardiomyocytes) can be assessed to determine differentiation to
each phenotype and the relative differentiation to multiple pheno-
types (e.g., ectoderm compared with mesoderm). Using lineage
specific markers may also aid in the prediction of a target-tissue
effect of a test agents as a developmental toxicant [114].

Whole Embryo Culture (WEC) techniques have a long history in
evaluation of toxicity to the developing rodent embryo. The assay is
run by explanting rodent embryos with their yolk sacs on approxi-
mately gestation day (GD) 9.5 or 10 for rats. The conceptus is then
cultured on a rotating platform in a mixture of serum and culture
medium (and test article, if applicable) for 44—48 h with increasing
proportions of oxygen added in the gas overlayer. At the end of the
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culture period, the conceptus is evaluated for the degree of maturity
of various endpoints, ¢.g., number of somites, optic development,
forelimb development, neural tube development, etc. Each of these
is given a score (morphologic score based on methods developed by
Brown and Fabro; Klug et al.; Van Maele-Fabry et al. [116-118]),
and the scores are summed for each concentration tested. The
presence and type of any malformations are also noted. The read-
out of the assay can be: (1) the concentration at which malformations
begin to be evident; (2) a comparison across different compounds of
the types and severity of malformations seen at a given concentration;
or (3), the results from the predictive linear discriminant analytic
formulae when using the ECVAM version [117-119].

Rodent WEC was included in a validation study of embryo-
toxicity tests conducted by the ECVAM [110]. The reproducibility
of the WEC test as well as the concordance between the embry-
otoxic potential derived from the in vitro data and from in vivo data
were good according to predefined performance criteria. The pre-
diction model correctly classified 80 % of the 20 tested compounds
for all embryotoxicity classes (non-embryotoxic, weakly embryo-
toxic, and strongly embryotoxic). More information on the valida-
tion study, including comprehensive protocols of the methodology,
is available on the ECVAM web site [ 114]. Rabbit embryos can be
cultured relatively easily using techniques similar to those devel-
oped for rat and mouse WEC. Typically, one rabbit embryo is
allocated per test substance concentration, with continuous flow
gassing using a rotating incubator. Endpoints evaluated are viabil-
ity, growth, morphologic scoring [based on the rat WEC method of
Brown and Fabro as modified for rabbit embryos by Carney et al.
[119]], and biochemical measures (total protein, DNA). One key
difference between rat and rabbit embryos concerns the yolk sac:
GD 9 rat embryos rely on histiotrophic nutrition through an
inverted visceral yolk sac in which the embryo is enclosed within
the yolk sac; rabbit embryos do not have an inverted yolk sac, and
lie outside the yolk sac until approximately GD 13. However, yolk
sac-mediated histiotrophic nutrition is specific to rodents, and may
be less relevant to humans (that rely on hemotrophic nutrition).
For the future, as with rat and mouse WEC, it is anticipated that
functional endpoints (endocytosis, proteolysis), gene expression
(yolk sac transporters), and imaging techniques (Micro CT, mag-
netic resonance imaging, morphometry of embryonic volume, or
specific landmarks of development) will become useful endpoints
for rabbit WEC analysis. Rabbit WEC can also help address species
differences in developmental toxicity responses [114].

For many labs, growth parameters (e.g., crown-rump length,
protein content) are good predictors of potential embryotoxicity
with the added advantage of being continuous variables (unlike
morphology-based parameters). Accordingly, it is proposed to
change the criteria used to evaluate embryotoxicity in WEC so as
not to rely on morphologic scores alone. Therefore, the ICNyoaEL
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8.3 Zebrafish
Embryotoxicity Test
(ZET)

for a compound may be related to total morphologic score, but
there is often a steep dose-response curve resulting in a rapid
transition from non-embryotoxic to strongly embryotoxic effects.
In these cases, the maximum inhibitory concentration (ICpyax)
would be equivalent to the concentration producing the highest
malformation incidence. In addition, embryos obtained from dif-
terent species provide different predictions, as is also true in vivo.
WEC should not be used for human risk assessment purposes at the
present time, based in part on the absence of a maternal compart-
ment and the very limited exposure window. Compound class-
specific prediction models may improve predictivity within pharma-
ceutical or chemical structural classes [114, 115].

The species used for WEC (mouse, rat, and rabbit), are the same
species that are used most commonly in whole animal reproductive
toxicity assays, thus allowing a direct correlation between in vitro and
in vivo findings, and against mouse embryonic stem cell data. WEC
can recapitulate in vivo embryonic development for up to 48 h.
Embryos can be treated in a milieu isolated from maternal effects,
but some maternal effects can be introduced into the culture system
it desired (e.g., obtain culture serum from treated animals, add
known maternal metabolites to culture medium, hyperthermia).
WEC is useful for mechanistic studies, prioritization/screening of
compounds, studying intrinsic differences between species,
providing adjunct information for regulatory/risk assessment pur-
poses, or to further investigate in vivo findings to increase confidence
in the data while minimizing the use of animals [114, 115].

The WEC cannot replace in vivo developmental toxicity studies
at the present time because it does not recapitulate the maternal—
fetal interactions or expose the conceptus for the gestational period
of concern (implantation to near-term); isolation from maternal
influences (metabolism, toxicity) that may contribute to in vivo
effects; restriction to a relatively narrow developmental window
that may not allow it to capture some manifestations of develop-
mental toxicity; and variation across aliquots or collections of
serum. At the present time, no US regulatory agencies (i.e., FDA,
EPA) are using WEC for regulatory decisions because WEC has not
been validated for that purpose. As a consequence, in vitro alter-
natives are unlikely to be accepted in the near future [114].

A Zebrafish (Danio rerio) teratogenicity assay has been developed
as a screening tool and has evaluated for its ability to predict the
teratogenic potential of chemicals and drug candidates. The results
indicate that this assay is promising for screening compounds for
teratogenic potential. Zebrafish share most of the signaling systems
found in mammalian embryos, although heart development may
follow the same pattern in rodents and zebrafish. The developing
Zebrafish (Danio rerio) is an in vivo developmental model with
many of the advantages of in vitro systems and much potential to
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meet the needs associated with a simple, inexpensive, and rapid
assay to screen for teratogenicity. Zebrafish are inexpensive and
easy to maintain, breed, and rise and also their development is
similar to that of with many molecular pathways are evolutionarily
conserved between zebrafish and humans. It has been shown that
zebrafish possess orthologs to the majority (86 %) of human drug
targets. Toxicologists have used zebrafish embryos for many years
to identify endpoints and elucidate mechanisms of developmental
toxicity for a number of chemicals. Zebrafish also offer the unique
advantage of testing compound effects during the entire period of
organogenesis due to their rapid, external development. This
important aspect is not possible to achieve with some other com-
monly used teratogenicity screening assays such as the Embryonic
Stem Cell Test (EST) or rodent Whole Embryo Culture (WEC). In
addition, the transparency of the surrounding egg membrane (cho-
rion) and embryonic tissues make it possible to observe develop-
ment throughout the embryonic period [120].

Recent studies with the “Zebrafish Danio rerio Teratogenic
assay” (DarT) have demonstrated the general utility of zebrafish
to screen compounds for teratogenic potential. A review conducted
by Brannen et al. to develop a zebrafish teratogenicity screen that
would allow for the characterization of teratogenicity as it relates to
specific abnormalities and concentration-response and to evaluate
the concordance and predictivity of that assay was conducted on 34
in vivo teratogens and nonteratogens, including many exploratory
and marketed pharmaceutical compounds. In the course of this
work, a morphological scoring system was developed, and the
features of this assessment are also illustrated here. The results
demonstrate a high rate of success in predicting in vivo mammalian
teratogenicity with zebrafish embryos [120].

In a review of 34 compounds, which were a mix of ECVAM
validation compounds and pharmaceutical compounds with char-
acterized in vivo teratogenic potential, were evaluated using the
ZET test protocol. The basic assay design involves dechorionated
Zebrafish embryos treated with compounds at 24 h post-
fertilization (pf), at which time the embryos were actively under-
going organogenesis. A 48 h exposure period is typical and mor-
phology is assessed at ~120 h pf (~4 days pf). Two measurements of
general toxicity were evaluated in prediction modeling. The first
measurement adapted a practice previously used by ECVAM in
predictive modeling of the rodent whole embryo culture and
mouse embryonic stem cell assays, where the respective compounds
were evaluated in a dose range in NIH3T3 fibroblast cells. The
second general toxicity measurement involved evaluating the com-
pounds in a concentration range in zebrafish embryos and deter-
mining the general toxicity concentration based on a 25 % lethal
dose concentration (LC,s5). A morphologic scoring system was
developed that assessed various structures and organs in the Day 5
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pflarvae; this included a score for the severity of the dysmorphology.
Predictive model classification of each compound involved calculat-
ing a ratio of the general toxicity concentration to the no-observed-
adverse-effect concentration (NOAEC) based on gross morphology.
The results of this comparative review by Brannen et al. indicates that
the cumulative concordance of the prediction model outcome with
in vivo teratogenicity data was 92 %, with a 94 % success rate in
positively identifying in vivo teratogens and a 86 % success rate in
positively identifying in vivo nonteratogens. In addition, there was an
87.5 % success rate in positively characterizing in vivo morphologic
outcome (either no adverse effect on fetal morphology or positive
identification of at least one affected structure/organ system asso-
ciated with in vivo exposure to the compound) [120].

Although this work emphasizes the overall utility and predic-
tivity of the zebrafish assay for assessing development toxicity, there
are still several unresolved questions regarding the broad use of
zebrafish in predictive teratogenicity. Very little is known about the
pharmacokinetics and metabolism of waterborne compounds in
zebrafish embryos and larvae, and exploring these properties was
not a goal of this study. A better understanding of zebrafish expo-
sures and the relevance of pharmacokinetic and metabolic mechan-
isms to mammals would be quite valuable to improve interpretation
of findings in the zebrafish assay in the context of how they relate to
teratogenic potential in humans and other mammals. Furthermore,
in these experiments, the chorion from each embryo was removed
in an attempt to improve compound exposure to the embryo.

As a teratogenic screening tool, zebrafish offers an entire
organism and all stages of development, not a conceptus for a
limited part of development or isolated cells in cell culture. This
intact model allows all the cells and tissue layers of the conceptus to
interact normally, and brings completeness unavailable in other
models. The small size of the embryos also means that compound
requirements are minimal, which is of benefit when testing novel
compounds that must be created de novo before testing. Addition-
ally, one can produce an allelic series of hypomorphic embryos,
where progressive knock-down of gene expression produces suc-
cessively more-impacted phenotypes. Early indications suggest that
this model has the potential to provide predictivity that is at least as
good as existing models, and perhaps better [120].

9 Perspective and Future of Reproductive and Developmental Toxicology

While the science and knowledge base of reproductive and devel-
opmental toxicants has progressed dramatically since the thalido-
mide tragedy the basic protocols and study designs using animal
models are little changed since the promulgation of the require-
ments for these tests for pharmaceutical registrations.
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Our understanding of embryonic development, molecular
genetics and mechanisms of toxicity has experienced exponential
growth. New tools are now available to assess endpoints commonly
evaluated in these studies yet we are bound by regulatory require-
ments as no in vitro methods are to date acceptable substitutes for
whole animal mammalian models. The current developmental and
reproductive testing paradigm is comprehensive but the cost and
number of animals required for these studies is high.

At the present time there are opportunities to incorporate new
technologies and approaches to testing into the existing assessment
paradigm, or to apply innovative approaches to various aspects of
risk assessment. Developmental toxicology testing can be enhanced
by the refinement or replacement of traditional in vivo protocols,
including through the use of in vitro assays, studies conducted in
alternative nonmammalian species, the application of new technol-
ogies, and the use of in silico models. Potential benefits to the
current regulatory process include the ability to screen large num-
bers of chemicals quickly, with the commitment of fewer resources
than traditional toxicology studies, and to refine the risk assessment
process through an enhanced understanding of the mechanisms of
developmental toxicity and their relevance to potential human risk.
As the testing paradigm evolves, the ability to use developmental
toxicology data to meet diverse critical regulatory needs must be
retained [109].

The capabilities for early screening of drug candidates for
potential developmental toxicity have evolved tremendously in
the last several years and such assays are becoming a regular part
of the extensive process of selection of optimal molecules to be
advanced for registration and use as medicine. The developmental
toxicity assays selected for use must have high throughput capabil-
ities and deliver data quickly with precision and reliability to enable
the selection process [prioritization ] of drug candidates for further
development. Test systems, such as whole embryo culture, zebra
fish and stem cell cultures, whose developmental responses are well
characterized have the potential to be used in combination with
other screening assays to generate data that allow for comparative
analysis of toxic potency. These data contribute to an overall evalu-
ation of a drug candidate and may eliminate a particular molecule
[or class of molecules] from further evaluation. More often, how-
ever, the data from early screening alerts a company to a potential
developmental risk. In such cases, the subsequent developmental
studies can be modified, or focused, or mechanistic studies can be
devised, to better assess that potential risk. These assays aid in
eliminating many drug candidates in the drug development process
they will not replace the regulatory testing that must occur for a
drug to be approved for use [109].
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Abstract

The goal of the chapter is to outline the process of testing molecules for potential developmental and
reproductive toxicity (DART). Here, the entire process of DART testing is discussed, from the regulatory
use of DART data to the conduct and interpretation of the various DART study designs. Although non-
animal DART testing strategies are envisioned by the new science of “21st Century Toxicity Testing”, these
high-content, high-throughput testing paradigms are not sufficiently mature from a scientific perspective to
be acceptable on their own by regulatory agencies for chemical registration. Thus, these testing paradigms
are not included in this chapter. While the scope of the chapter is broad, it is beyond the range of this
chapter to describe all possible scenarios encountered in DART testing. For additional information, the
reader is referred to other recent publications on this topic. The chapter is organized in a stepwise manner
into three main topics: (1) Use of DART studies for chemical registration; (2) General considerations for all
DART study designs; and (3) Descriptions of all DART study designs from a practical perspective,
beginning with an initial range-finding study and ending with the complex Extended One-Generation
Reproductive Toxicity Study (EOGRTS).

Keywords: DART, Toxicology, Developmental, Reproductive, Chemical, Testing, Extended
One-Generation Reproductive Toxicity Study, REACH

1 Use of Developmental and Reproductive Toxicity Studies
for Chemical Registration

For industrial chemicals, DART testing is typically motivated by
one of three drivers: regulatory compliance; product stewardship;
or mode of action (MoA) assessment. Regulatory compliance test-
ing (e.g., chemical registration, specific use legislation such as food
contact materials, biocides, and cosmetics) follows a structured
approach prescribed by the specific legislation. The information
required is typically generated using standard Organisation for
Economic Co-operation and Development (OECD) guideline tox-
icity testing studies performed in accordance with Good Labora-
tory Practice (GLP). In the majority of cases, the testing approach is
tiered, with a base set of information that is supplemented as a
consequence of certain triggers being met. For example, the
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volume (tonnage) of a substance manufactured or imported is a
common trigger for additional information. As manufacturing vol-
ume increases, the data requirements increase. In this case the
manufacturing volume acts as a proxy for exposure potential. Ide-
ally, all testing should be driven by some exposure metric; unfortu-
nately, there are no existing regulations that base testing needs on
an exposure scenario. Instead, exposure proxies such as tonnage [1]
or migration into food [2] are used. In addition to this relatively
arbitrary trigger, the actual findings from the lower tier studies may
trigger the need for further assessment to confirm the presence or
absence of effects.

Product stewardship programs within companies and industry
associations [3] drive the generation of DART data in a similar
manner to regulatory compliance driven testing. These programs
typically operate to address chemicals that are not covered by an
existing regulatory program, such as chemicals sold into countries
where chemical management regulations do not currently exist.

Testing to interrogate the MoA of a potential reproductive or
developmental toxicant is typically limited to a small number of
chemicals and is not a standard part of other testing programs. The
testing is substance or effect specific and utilizes tailor-made study
protocols designed to test the MoA hypothesis.

Of the three main drivers, the most significant is regulatory
compliance driven testing, and across the different regulatory fra-
meworks, there are many common themes to the DART testing
requirements. For industrial chemicals, several regulatory regions
have adopted the tiered approach to testing for DART. For exam-
ple, for a new chemical substance registered under the European
Union (EU) Registration, Evaluation, Authorisation and Restric-
tion of Chemicals (REACH) regulation, the data requirements for
DART are associated with manufacturing or import volume. The
minimum data requirement is a reproductive/developmental
screening study (OECD 421 or 422), and as manufacturing/
import volume increases (or if there are observations in the screen-
ing study), developmental toxicity testing in one or two species
(OECD 414) and more comprehensive reproductive toxicity eva-
luations are required (OECD 416 or OECD 443) [1]. In China, a
similar tiered approach has been adopted for the registration of new
chemicals, but the tonnage trigger for the multigeneration study
(manufacturing/import volume) is lower and developmental tox-
icity testing in two species is not required by default [4].

Another difference between the EU and China new substance
regulations is the process that must be followed when generating
new data. For a registration in China, one must generate all the data
needed and submit these in the registration dossier. However, in
the EU there is a desire to reduce animal testing as much as possible
while still meeting the goals of providing a comprehensive hazard
characterization. Thus when registering a chemical substance in the
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EU, the conduct of “higher tier” tests (OECD 414, 416, or 443)
can only occur once permission has been granted by the European
Chemicals Agency. Consequently, it can be very difficult to comply
with the requirements of multiple regulations across multiple geo-
graphic regions, and in most situations, one defaults to meeting the
needs of the most demanding regulation.

Within the chemical industry, the pesticide sector is currently
one of the most heavily regulated in the world, requiring a battery
of toxicity tests designed to protect human health. The term pesti-
cide refers to a substance or mixture of substances that is intended
for the use of managing, preventing, or repelling pests. Classes of
pesticides include, but are not limited to, herbicides for use with
weeds, fungicides for control of fungal diseases, and insecticides for
the management of insects. The registration of a new pesticide
molecule requires a comprehensive assessment of potential toxicity
which may need to address global regulatory requirements; similar
to industrial chemicals, each country has its own toxicity data
requirements for pesticide registration.

In the USA, the Environmental Protection Agency (EPA) is
responsible for regulating pesticides under the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) [5]. Under FIFRA sec-
tion 3, initial pesticide registration is specific, and pesticide applica-
tion is only authorized for use on specific crops/sites with
particular application rates and methods. The extensive toxicity
data requirements include specific studies to address “hazards to
humans, domestic animals, and non-target organisms,” and these
studies are completed and submitted by the registrant to the EPA
for approval. Following approval, pesticides are reviewed for rereg-
istration periodically (approximately every 15 years) and are subject
to any new data requirements that may have been established in the
interim period.

While different regions may have variations in their risk-
assessment approach, in recent years there has been a movement
towards harmonization of test guidelines for plant protection pro-
ducts, a sub-class of pesticides. Table 1 compares required testing
for several different regions, which demonstrates similar data
requirements across the globe.

The output of DART testing, as with all other toxicity testing,
is the characterization of potential hazards and the dose level where
no hazard is observed in the tested species. This information is then
taken forward into two very different applications: classification/
labelling and risk assessment. The classification and labelling of
hazards has become a cornerstone of chemical management in
some regions such as the EU. The main classification and labelling
system is the Globally Harmonized System (GHS) for the classifi-
cation and labelling of chemicals. This was developed as part of a
global initiative to bring together and harmonize the different
classification and labelling systems employed in various countries
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Table 1
Required toxicity tests for

et al.

plant protection products in different regions

Task
Test guideline USA EU Brazil Canada China India
Two-generation reproductive OECD 416 Yes Yes Yes  Yes Yes
toxicity—rat
Extended one-generation OECD 443 Yes (alternative
reproductive toxicity (default rat) to OECD
416)
Separate male and female studies OECD 416 Yes Yes Yes Yes
Dominant lethal assay for male OECD 478 Yes
fertility
Effects on spermatogenesis OECD 416 Yes Yes Yes
Effects on oogenesis OECD 416 Yes Yes Yes
Sperm motility, mobility and OECD 416 Yes Yes Yes
morphology
Investigation of hormonal activity OECD 416 Yes Yes
Teratogenicity test—rat OECD 414 Yes Yes Yes  Yes Yes
Teratogenicity test—rabbit OECD 414 Yes Yes Yes  Yes Yes

and geographic regions [6]. In briet, GHS (and other similar
systems) lay out a set of criteria for a wide array of toxicological,
ecotoxicological, and physical /chemical hazards. Comparing the
toxicological data for a chemical to these criteria allows one to
assign the relevant hazards to that chemical. Within the GHS,
reproductive and developmental toxicity classification is divided
into two main categories based on the perceived (or known) rele-
vance of effects to humans (refer to Table 2). Category 1 is assigned
to those substances where there is clear evidence of reproductive or
developmental toxicity from animal studies (or human data), and it
is considered that the observed toxicity would be relevant to
humans. This category is further split into la (known human
reproductive /developmental toxicants) and 1b (presumed human
reproductive /developmental toxicants). Category 2 is assigned to
those substances where the data are less compelling or there are
doubts about the relevance of the observed effects to humans.
Classification of a chemical as a reproductive or developmental
toxicant can have significant impacts on how that chemical can be
used. This is particularly true in the EU where classification into
Category 1 results in that substance being banned from use in
certain applications such as consumer products, food contact mate-
rials and cosmetics. Considering pesticides, under 1107 /2009 in
the EU if a pesticide is classified for reproductive of developmental
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Table 2

GHS classification criteria for DART

Category

Criteria

Cut-off
criteria?

Category 1
Known or presumed human
reproductive toxicant

Category 1a
Known human reproductive
toxicant

Category 1b
Presumed human
reproductive toxicant

Category 2
Suspected human
reproductive toxicant

Substances are classified in Category 1 for reproductive

toxicity when they are known to have produced an adverse
effect on sexual function and fertility, or on development
in humans or when there is evidence from animal studies,
possibly supplemented with other information, to provide
a strong presumption that the substance has the capacity to
interfere with reproduction in humans. The classification
of a substance is further distinguished on the basis of
whether the evidence for classification is primarily from
human data (Category la) or from animal data (Category
1b)

The classification of a substance in this Category la is largely

based on evidence from humans

The classification of a substance in this Category 1b is largely

based on data from animal studies. Such data shall provide
clear evidence of an adverse effect on sexual function and
fertility or on development in the absence of other toxic
effects, or if occurring together with other toxic effects the
adverse effect on reproduction is considered not to be a
secondary nonspecific consequence of other toxic effects.
However, when there is mechanistic information that
raises doubt about the relevance of the effect for humans,
classification in Category 2 may be more appropriate

Substances are classified in Category 2 for reproductive

toxicity when there is some evidence from humans or
experimental animals, possibly supplemented with other
information, of an adverse effect on sexual function and
fertility, or on development, and where the evidence is not
sufficiently convincing to place the substance in Category
1. If deficiencies in the study make the quality of evidence
less convincing, Category 2 could be the more appropriate
classification. Such effects shall have been observed in the
absence of other toxic effects, or if occurring together with
other toxic effects the adverse effect on reproduction is
considered not to be a secondary nonspecific consequence
of the other toxic effects

Yes/No?

Yes

Yes

No

Adapted from ref. [104]

toxicity category la or 1b, it cannot be registered. Compare this to
the risk-based system in the USA where approval for registration
considers both the intrinsic hazard and the potential for human
exposure. Under this system, hazard classification alone is not
sufficient to prevent registration approval.
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1.1 Typical Flow and
Integration of Studies
for Agrochemicals

Bearing this in mind, perhaps one of the most contentious
issues surrounding classification and labelling for reproductive
and developmental toxicity is that there is no consideration of
potency and risk. The assessment is based solely on whether the
observed toxicity is relevant to humans and not secondary to gen-
eral (i.e., systemic) toxicity. By neglecting to consider potency and
risk in the classification and labelling process, many substances that
produce effects in animal studies can become excluded from mar-
kets where realistically there would be no concern about safe use
based upon human exposure levels. Consequently, the interpreta-
tion of reproductive and developmental toxicity studies and the
assessment of the relevance of any effects to humans is a significant
part of the chemical safety assessment. The need to screen early in a
toxicity testing program for potential DART effects has become
increasingly important in new product development, particularly
where the major markets for these substances will utilize a hazard-
based approach to chemical management.

The discovery of new candidate pesticide-controlling molecules is
critical to mitigate pressures within the agricultural world that are
either new or increasing in burden (such as herbicide-resistant
weeds). Importantly, pesticides over time have generally both
increased their specificity for pest control and decreased their use
rates [7]. The general idea of a DART testing program is to identify
and characterize potential DART hazards that need to be addressed
in the risk assessment process for a molecule.

Not all new candidate molecules make it to market or even
through a full testing program, and best practices should be
implemented early in the testing program in order to prioritize
molecules. To aid in this process, use of recent scientific advances
may assist in identifying potential DART hazards. One such pre-
dictive tool that may be employed is the DART decision tree [8],
which is an in silico tool that uses chemical structure to predict
DART activity. Other screening tools that can be used include
in vitro estrogen receptor/androgen receptor transactivation
assays and the in vitro aromatase assay, which can help identify
potential endocrine disrupting compounds. For developmental
toxicity prediction, a number of predictive assays have been pro-
mulgated over the years including transcriptome profiling of
in vitro systems, mammalian whole embryo culture, zebrafish
embryo exposures, and embryonic stem cell metabolomics
[9, 10]. These predictive tools can be used in a screening program
to identify compounds of potential concern, not only just for
pesticides but for chemicals in general. A so-called “positive”
result in these tools does not necessarily mean that the compound
should be removed from the testing program, but rather these
data can provide useful information to guide further experimenta-
tion in DART testing.
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1.2 Mode of Action
Studies

Following the implementation of predictive screens and tools
for molecule prioritization, higher tiered testing is necessary to
clearly identify developmental and reproductive hazards. Typically,
the teratogenicity test in two species (rodent and non-rodent) and
two-generation reproductive toxicity in rats are required for regis-
tration across the globe. However, prior to conducting these stud-
ies a useful screen is the reproductive/developmental toxicity
screening test (OECD 421). The OECD 421 is meant to generate
“limited information concerning the effects of a test substance on
male and female reproductive performance such as gonadal func-
tion, mating behavior, conception, development of the conceptus
and parturition” (OECD Test Guideline 421). Not only can this
study provide data on possible DART effects, but can be used as a
dose range-finding study for follow-up testing. Subsequently, the
teratogenicity tests can be performed, preferentially in the rat and
rabbit (OECD 414). The OECD 414 test guideline is meant to
generate data on effects of prenatal exposure in both the pregnant
test animal and on the development organism. Additionally, the
current dosing paradigm is intended cover both organogenesis and
the fetal period, whereas in the past dosing only covered organo-
genesis. Finally, the two-generation reproductive toxicity study
(OECD 416) is a global requirement that is intended to detect
adverse effects on the male and female reproductive systems. As the
name implies, the two-generation study is meant to assess growth
and development of both the F1 generation, as well as the growth,
development, and condition and performance of the reproductive
systems in the F2 generation. A potential alterative to the two-
generation study is the Extended One-Generation Reproductive
Toxicity Study (EOGRT) (OECD 443), which is also designed to
evaluate potential reproductive and developmental effects follow-
ing prenatal and postnatal chemical exposure. A major distinction
between the EOGRT and the two-generation study is the optional
extension of evaluating an F2 generation, which if not included the
EOGRT uses significantly fewer animals. However, the two-
generation study is the preferred definitive test across most geogra-
phies. More detailed descriptions of these test guidelines are given
in the “DART Study Designs” section of this chapter.

Current approaches for toxicity testing rely on identifying adverse
effects that occur at extremely high (relative to human exposure)
dose levels in rodents. In recent years, there has been a movement
towards a more relevant toxicity testing strategy, such as limiting
high dose levels based on toxicokinetic data or relevance to human
exposure. However, given today’s current toxicity testing paradigm
of high dose level testing, adverse effects are occasionally observed
in DART studies, such as in the aforementioned OECD 414 or
OECD 416. As a general practice, any treatment-related DART
effect should be evaluated, often by means of additional



124 Kamin J. Johnson et al.

1.3 Typical Flow and
Integration of Studies

for Industrial
Chemicals

Table 3

mechanistic data to characterize a MoA. The MoA/Human Rele-
vance Framework (HRF) developed by the International
Programme on Chemical Safety of the World Health Organization
[11, 12] and the International Life Sciences Institute [13, 14] can
be used as a template to define the MoA of a chemical and analyze
the human relevance of the MoA. MoA /HREF projects are designed
to answer the following general questions: (1) what is the mecha-
nism via which the adverse effects are observed in animals? and (2)
are the effects that occur in animals via this mechanism relevant to
humans?

Reproductive/developmental toxicity assessment for the EU REACH
regulation—an example of the workflow of studies and potentinl
considerations when executing the test strategy.

As indicated previously, DART testing in accordance with the
requirements of the EU REACH regulation is a tiered process with
some studies required and others triggered and then only per-
formed following approval by the European Chemicals Agency
(ECHA). In general terms, the data requirements depend on the
type of registration required, and that is determined based primarily
on the manufacturing or import volume (i.e., tonnage band) for
the substance in question. No DART assessment is required for a
1-10 t registration. The requirements for the other levels of regis-
tration are given in the Table 3 below.

When preparing a 10-100 t or greater registration dossier, the
DART screening study (OECD 421 or 422) should be included in
the dossier when it is submitted. For the 100-1000 t and >1000 t
registrations, if needed, the “higher tier” studies (OECD 414 and
443) should be proposed and conducted once approved by ECHA.
If there are already higher tier studies available for a substance, then
the screening study may not be required. Developing and imple-
menting the most appropriate DART testing plan for REACH can
be complex, particularly for the higher level registration dossiers.
Fortunately, there is an extensive guidance document that leads
potential registrants through this process [15] and gives an

Industrial chemical DART testing requirements based upon tonnage band

Developmental
Reproductive/ toxicity (one Developmental toxicity
Tonnage  developmental toxicity species—rodent) (second species—non- EOGRTS
band screen (OECD 421/422)  (OECD 414) rodent) (OECD 414) (OECD 443)
10-100 t Yes
100-1000 t Yes Yes Triggered Triggered
>1000 t Yes Yes Yes Yes
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overview of the typical considerations that should be discussed
when developing any DART testing plan.

One of the challenges with complying with the DART testing
requirements for REACH is that the requirements do not include
much leeway for minimizing the use of animals. An example of this
is the mandatory requirement for developmental toxicity data in
two species (rodent and non-rodent). One alternative to this
approach would be to perform the reproductive screen and the
EOGRTS in rats and the developmental toxicity study in rabbits.
Consequently, there will be some form of developmental toxicity
data in both rats and rabbits, allowing one to more conclusively
characterize the potential hazard. Where there are indications (from
the screening study or the EOGRTS) that developmental toxicity is
occurring in rats, a second developmental toxicity study could be
performed. This is the strategy implemented in the Biocidal Pro-
ducts Regulation in the EU, and it allows for a reduction in the
amount of animals needed to assess these endpoints without
compromising the hazard assessment.

2 General Considerations for All DART Study Designs

2.1 Principles of the
3Rs (Refinement,
Reduction, and
Replacement)

The 3Rs refers to Reduction, Refinement and Replacement of
animal testing and is a concept that was developed over 50 years
ago by Russell and Burch [16] with the aim of improving the
treatment of test animals. This framework is widely accepted as a
standard to strive for in regulatory chemical testing. In the area of
DART, 3Rs are particularly important, as these study types typically
involve animal-heavy testing designs, where the litter is the usual
statistical unit and therefore uses many animals to obtain a single
data point. For chemical registration, roughly 50-70 % of the total
animal usage in a testing program for a single compound is attrib-
uted to the required guideline DART studies, along with necessary
probe or range finding studies [9]. Therefore, a tremendous impact
in the area of DART testing would result from any success in: (1)
using less animals to arrive at the same conclusions (Reduction); (2)
optimizing animal usage to get more information out of the same
or less number of animals or improve quality of life (Refinement);
or (3) using alternative assays to arrive at the same conclusion
(Replacement).

Approaches for alternatives to animal assays are in a period of
rapid development and showing some promise for future replace-
ment of in vivo studies. Nevertheless, the complexity of reproduc-
tive and developmental processes and the current knowledge gaps
in comprehensive mechanistic data for DART means there is much
to learn before current in vivo guideline studies can be replaced.
Therefore, while attention is being directed at development of
in vitro and computational batteries, it is prudent to concurrently
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evolve existing in vivo DART testing study designs to align with the
guiding principles of the 3Rs. Efforts to incorporate these guiding
principles into the testing program may include integrating or
combining testing to maximize information gained from the mini-
mal number of animals, incorporating endpoints that previously
required satellite groups or separate guideline studies, and refining
use of test animals to reduce pain, stress, or suffering such as
improved blood sampling techniques and selecting the least stress-
ful relevant route of exposure.

As mentioned previously, approaches currently being explored
for ultimate replacement of animal testing in the field of DART
include in silico, toxicogenomic, in vitro and short term in vivo
assay approaches. Examples include in vitro nuclear receptor trans-
activation assays (estrogen and androgen receptor) or small scale
in vivo screening assays with targeted endpoints for molecules
belonging to a particular class of compounds with known DART
activity (e.g., fetal testicular testosterone production, postimplan-
tation loss, or a particular fetal malformation). Currently, many
laboratories are exploring and implementing these approaches
from a screening standpoint. Use of these screening assays can
detect potential DART activity early in the new molecule develop-
ment stage and thereby help reduce the number of molecules that
are only flagged for DART activity by large scale guideline DART
studies. From that perspective, these methodologies can serve as
replacements for large scale guideline studies on analogues that are
not selected for further development based on DART activity
detected through screening early in the discovery process.

Reduction in the number of animals used for regulatory
DART testing can be accomplished through several different
approaches. Laboratories will often order extra time-mated animals
for guideline developmental toxicity studies (OECD 414). This
practice is carried out to achieve the required number of pregnant
animals in each dose group to have an acceptable study by account-
ing for any non-pregnant animals that may have been mis-identified
as pregnant. A retrospective analysis of historical data to assess
number of extra animals ordered, compared to the number of
non-pregnant animals on studies will potentially allow the labora-
tory to reduce the number of extra animals that are ordered for each
study. Although this seems like a small reduction, over time the
number of animals saved is significant when considering both the
mother and litter. For example, in reducing group size from 26
time-mated animals/dose group to 24, roughly 72-112 total ani-
mals are saved per study when considering litter and dam/doe.
Importantly, this reduction in animal numbers does not compro-
mise the study success in any way and, therefore, does not reduce
the value added of the remaining study animals. This point is a
critical consideration in any sample size reduction. If reduced sam-
ple size significantly decreases the sensitivity or success of a study,
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the information gained from the animals used is severely dimin-
ished. Therefore, a careful cost versus benefit analysis should be
conducted prior to any sample size reduction.

To additionally reduce animal use in the context of regulatory
testing, consideration should be given to the number of animals
used in a probe design. In some cases, a triggered design (see
below) can optimize information gain versus number of total ani-
mals used. For example, when no preexisting toxicity information
exists, starting with a single dose level and subsequently triggering
additional dose levels up or down based on responses of the initial
group can reduce the need to add extra groups after the fact to
select an appropriate high dose level [17]. The number of animals
per group should also be carefully selected, keeping in mind the
cost versus benefit analysis described above.

Another example of a substantial reduction in animal numbers
is use of the “limit test.” The OECD 414 developmental toxicity
test guideline recommends a limit test under the following condi-
tion: “If a test at one dose level of at least 1000 my/ky/body weight/
day by oral administration, using the procedures described for this
study, produces no observable toxicity and if an effect would not be
expected based upon existing data (ey., from structuvally and/or
metabolically related compounds), then a full study using three dose
levels may not be considered necessary.” A similar recommendation is
cited in the Health Effects Test Guideline of the United States
Environmental Protection Agency (OPPTS 870.3700 Prenatal
Developmental Toxicity Study). Taken together, both guidelines
establish 1000 mg/kg bw/day as the limit dose and provide sup-
port for the concept of a “limit test” study, which would utilize
controls and 1000 mg/kg bw/day dose groups only. This study
design eliminates use of low and mid-dose groups. Use of this
approach for the guideline developmental toxicity studies reduces
animal numbers by about 48 dams (rat study) and 48 does (rabbit
study) plus their respective litters, for a total saving of approxi-
mately 1000 animals.

Finally, reduction in animal numbers can be achieved by inte-
grating endpoints within a single study design. This concept max-
imizes the information gained on an animal by animal basis, as
opposed to using multiple animals across study types to gain the
same information. An example of an integrated study design to
reduce animal usage is taking blood, urine and milk samples from
probe and guideline study animals for toxicokinetic (TK) analysis,
rather than adding satellite animals for this purpose. Using this
approach across study types in a testing program will provide
important information for understanding the relationship between
the systemic dose and toxicity. Additionally, due to innovative
sampling techniques, this data can be achieved without the need
for satellite animals [18, 19], thus reducing animal demands.
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2.2 Species and
Strain Selection

Collection of TK data across study types is an advanced refine-
ment in the use of study animals. Specifically, these data can be used
to refine study design and help set dose levels in a range that is more
relevant for human risk assessment by using kinetically derived
maximum dose (KMD) setting (described in more detail below in
the Incorporating Toxicokinetics into DART Study Designs
section).

Further refinement of DART studies includes use of the most
human relevant exposure route. Oral gavage is specified in the
OECD 414 guidelines and has traditionally been the preferred
route for these study types. Nevertheless, gavage bolus dosing
typically produces an oscillating daily toxicokinetic profile charac-
terized by a transient high C,,., followed by low C,;, values during
critical periods of embryo—fetal development. In contrast, dietary
administration provides a more constant level of test material intake
over a 24-h period based on the natural feeding habits of laboratory
animals. This consistent exposure over the dosing period offers
more continuous systemic and fetal exposure throughout the
study and also more closely represents exposures humans may
experience [17, 20]. Additionally, administering test material in
the feed spares the animal from stress induced by the daily gavage
procedure and eliminates potential animal loss via gavage proce-
dural error.

Comparison studies of exposure routes in the rabbit demon-
strated that with a short half-life molecule (#; ., = 1 h), there was a
striking difference in diurnal fluctuation between Ci,.x and Cpin,
with only sixfold difference by dietary exposure, compared to a
368-fold difference by gavage [17, 18]. Additionally, this molecule
was detectable only up to 12 h by gavage but up to 24 h by diet-
ary administration. Furthermore, with a longer half-life molecule
(1,2 = 14 h), diurnal fluctuation was not as significant; however,
dietary administration resulted in a twofold higher maximum tol-
erated dose (nominal) when compared to gavage dosing due to
evidence of C,,,-related maternal toxicity following gavage. Taken
together, these data suggest that for compounds amenable to for-
mulating into feed, dietary exposure is a preferable option to gavage
administration in DART study designs.

Overall, incorporating 3Rs principles into regulatory safety
testing programs for industrial and agricultural compounds
improves animal welfare, reduces reliance on animal testing and
brings major advances to human exposure relevance of toxicity
testing. Therefore, striving towards 3Rs should be a top priority
when designing a testing program.

The laboratory rat is the most widely used primary species for the
assessment of DART activity potential. For developmental toxicity
studies, the primary species is the rat, and if required, a second non-
rodent species is typically the rabbit. The reproductive toxicity test
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guidelines are designed specifically for the rat, and the use of an
alternate species requires scientific justification applicable to the
specific study in question. Justification for the use of a particular
strain applies regardless of the species used, but by way of example,
considerations for the rat are described further.

Strain selection is based on a number of factors, with high levels
of fecundity and low incidences of spontaneous malformations in
the offspring being cited as paramount in the test guidelines. In
practice, fecundity is typically of the most concern with common
laboratory rat strains. Common rat strains used for toxicology
testing are the Fischer, Wistar, and Sprague—Dawley, but caution
must be used when comparing strains, as nomenclature and breed-
ing stock origin vary depending on the supplier. The inbred rat
strains such as the Fischer rat are less fecund than most outbred
strains and are typically not used in DART studies. Of the most
common outbred strains, the Sprague—Dawley rat is slightly more
prolific than the Wistar rat and demonstrates a higher level of
maternal caregiving [21].

Irrespective of fecundity, the two most important considera-
tions for strain selection are the use of a particular strain in previous
toxicity studies and the laboratory’s experience and availability of
historical control data from the selected strain. With regards to
previous toxicity studies, data may be available (e.g., acute or sub-
chronic oral toxicity data) which may lead one to select a given
strain. This is particularly important when there is a complex toxic-
ity profile for a given substance. It is not uncommon to find
differences in toxicokinetics or metabolism between different rat
strains, which whether known or unknown can leave the researcher
questioning the reproducibility of effects from study to study. How
the choice of strain is made may also be dependent on the stage of a
testing program. When a testing program is initiated for a new
substance, the DART program should be designed around a single
strain. This increases the likelihood of the reproducibility of effects
from early probe studies to later full studies as well as between
developmental toxicity studies and reproductive toxicity studies.
Occasionally, a data gap may be identified in a prior set of studies,
and as such, the previously used strain should be selected when
possible to fulfill the requirements of future studies.

While the previous toxicity information available for a given
substance is an important consideration for strain selection, the
availability of historical control data (HCD) deserves equal or
perhaps greater consideration. The importance of HCD for the
interpretation of DART studies cannot be understated, and the
data in an HCD set must first be defined by the strain of the rat.
This is mandatory given the strong genetic component to many
background anomalies in common laboratory species and potential
TK differences between strains. With developmental toxicity stud-
ies, it is critical to have a robust HCD set given the oftentimes low
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2.3 Incorporating
Toxicokinetics into
DART Study Designs

incidence of fetal malformations in control rats. Depending on the
purpose of a study and the previous toxicity data available, it may be
necessary to select a strain or even a testing laboratory with access
to a particular strain, based solely on the availability of an adequate
HCD set.

Ultimately, the researcher must weigh the risks and benefits
associated with the selection of a specific strain depending on the
question at hand. It is also important to consider any potential
future studies that may be required. Depending on the need for
future studies, it may be best to either continue with a previously
used strain or switch to a preferred strain early on with substances
that require more extensive research.

Toxicokinetics (TK) play an integral role in biological activity and
potency of a compound. The degree to which a chemical is
absorbed into systemic circulation, transformed through metabo-
lism, distributed to various tissue types and eliminated all impact
the body’s response to exposure. Integration of TK across the
comprehensive set of toxicity guideline studies required for regis-
tration of agrochemicals and some industrial compounds has
lagged behind the pharmaceutical industry, where TK assessments
are routine. Nevertheless, including these assessments across study
types in the toxicity testing program provides major advantages, as
knowledge of systemic exposure levels to the parent compound and
its metabolites allows for better understanding of species differ-
ences, MoA, and dose response characteristics and for more confi-
dent data extrapolation across different routes of exposure [22].
Integrating TK assessments into guideline studies provides a tre-
mendous wealth of information, which strengthens interpretation
of data and selection of appropriate dose levels.

Daily internal exposure estimates can be made for dietary sub-
chronic and chronic duration studies based upon area-under-the-
curve determinations for plasma or blood concentrations at steady
state over 24 h (AUC,y4y,). These AUC,y, calculations can be
achieved with high accuracy using blood samples obtained from
just three time points including C,.c, mid-point, and C;,
[19, 23]. Additionally, a rough estimate for elimination half-life
(t1/2) of the parent and any known metabolites can be determined
based on comparing concentrations in a terminal blood sample
when animals have been fasted (generally conducted 16-18 h fol-
lowing the removal of the test diet) to blood concentrations at
steady state (AUC,4, determination). These samples can be
obtained from study animals using minimally invasive sampling
strategies (e.g., a tail nick) and without the need for additional
satellite groups.

For DART study designs, blood samples can be collected from
adults prior to breeding, during gestation or at necropsy and col-
lected from fetuses or pups at necropsy. Repeated sampling of dam
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2.4 Dose Level
Selection

blood for AUC,4;, determination is conducted on the day prior to
necropsy (GD 20) in a developmental toxicity probe study and
during the prebreeding phase of reproduction studies (OECD
421, 422, 416, 443) for both male and female adult animals.
A terminal blood sample is obtained at necropsy via the orbital
sinus or vena cava in adults, the umbilical cord in fetuses, or via
cardiac puncture in pups. In addition, milk samples for TK analysis
can be obtained from dams during the early lactation period on
reproduction studies.

TK data serve a variety of purposes in a DART testing program.
The data can be used to verify exposure of developing fetuses and
pups to the test compound or known metabolites. Comparisons of
dam and fetal /pup levels can give an indication about placental or
milk transfer of compounds. Additionally, understanding TK
thresholds of the tested species should play a key role in dose level
setting and interpreting toxicity information. Specifically, the linear
range of exposure can be determined based on TK estimates of daily
systemic exposure and elimination, such that the point of departure
for nonlinearity in internal exposure can indicate saturation of a
biological process including absorption, metabolism, biliary elimi-
nation, or renal clearance. As supported by OECD Guidance Doc-
ument No. 116 and the 443 and 416 guidelines, doses above the
linear range, indicated by a non-dose-proportional increase in
AUC,4y, indicates stress on the biological processes of detoxifica-
tion/activation. Additionally, use of high doses above the linear
range can result in effects that are not relevant to the human
exposure scenario. Doses above this linear range can induce effects
as a consequence of saturating kinetic processes in the high dose
range which are unlikely to occur in the lower dose/human-
relevant range. For that reason, understanding TK can help refine
study design by providing an alternative high dose level setting
approach known as kinetically derived maximum dose (KMD)
setting, whereby the high dose level is set at or below the point
where kinetics become nonlinear [17, 20, 22].

Finally, TK data can be useful in interpreting MoA assessments.
Species and /or sex differences or vulnerable exposure windows can
be evaluated through TK measurements. Embryonic or fetal expo-
sure can be different from maternal internal exposure due to the
degree of placental transfer, as well differences in inherent meta-
bolic capacities. These differences can produce disparities in the
toxicity profile between species, sexes, or routes of exposure.
Therefore, as it relates to MoA assessment, TK should be one of
the first considerations in understanding developmental or repro-
ductive toxicity.

Selection of appropriate dose levels for DART studies is crucial to
obtain useful toxicity data for hazard identification and risk assess-
ment. Dose level selection is outlined below for specific study
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designs, but some general approaches are described here. As a
molecule progresses through the toxicity testing program, the
range of tested dose levels typically becomes lower as more toxicity
information is gathered. Dose level selection for DART studies
begins with identifying an appropriate high dose level, and
lower dose levels naturally follow using appropriate spacing to
achieve a dose-response and a No-Observed-Adverse-Effect-Level
(NOAEL). Determining an appropriate high dose level is a debated
issue with no specific guidance provided by regulatory bodies.
DART test guidelines typically state that the high dose level should
cause some toxic effects but not death or obvious suffering. Thus,
justification of the high dose level is at the discretion of the scien-
tists performing the study.

The high dose level for a DART definitive (i.e., non-probe)
study can be selected using the traditional maximum tolerated dose
(MTD) approach or using a kinetically derived maximum dose
(KMD) approach. The MTD is based on toxic effects such that
the high dose produces some systemic toxicity without severe
suffering or death (e.g., clinical signs, decreased body weight/
gain, or dose-limiting target organ toxicity). In selecting the high
dose for a repeat dose study, government, academic, and industry
stakeholders indicate that toxicokinetic nonlinearity should be con-
sidered [22]. This concept of KMD in selecting the high dose level
at or slightly above the inflection point for nonlinear kinetics is
supported by OECD test guidelines. In regard to a two-generation
reproduction study, the OECD 416 guideline recommends consid-
eration of “any available information on metabolism and kinetics”
[24]. The OECD 443 guideline for the EOGRTS states that in
selecting dose levels “care should be taken to avoid high dose levels
which clearly exhibit satuvation, provided of course, that human
exposures ave expected to be well below the point of saturation. In
such cases, the highest dose level should be at, ov just slightly above the
inflection point for transition to nonlinear TK bebavior” [25].
OECD Guidance Document 116 recommends consideration of
kinetic nonlinearity in determination of dose levels: “Although top
dose selection based on identification of inflection points in toxicoki-
netic nonlinearity may vesult in study designs that fuil to identify
traditional target organ or body weight effects, it must be appreciated
that metabolic saturation in fact represents an equivalent indicator
of biological stress. In this case, the stvess is evidenced by appearance of
non-linear toxicokinetics vather than appearance of bistological dam-
age, adverse changes in clinical chemistry, haematology parameters or
decrease in body weight gain” [26]. Finally, the European Chemicals
Agency Guidance for the Implementation of REACH document
on repeat dose toxicity study dose level selection states that the dose
level at which nonlinear toxicokinetics is observed “can be regarded
as the kinetically devived maximally tolerated dose (MTD)” [15].
These guidance documents for reproduction toxicity studies and
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other repeat dose study designs all reflect the current scientific
understanding that dose levels far above the toxicokinetic nonlinear
inflection point in animal studies have no relevance to humans
when human exposure levels are substantially below the toxicoki-
netic nonlinear inflection point [22, 27-29].

For the KMD approach to dose level selection, the dose at
which TK processes are saturated is determined from prior studies
in the species; this point is considered the threshold for transition
to nonlinear TK. The high dose is set at, or slightly above, the
threshold for nonlinear TK, thereby limiting the opportunity for
dose-dependent saturation of TK processes and the subsequent
development of irrelevant toxicity data. To use the KMD approach,
there must be a sufficient margin of exposure such that human
exposures to the compound are well below this nonlinear TK
threshold [20, 29]. The method (MTD vs. KMD) for dose selec-
tion depends on regulatory requirements and whether an MTD or
nonlinear TK occurs at a lower dose level.

3 DART Study Designs

The remainder of this chapter describes the DART testing study
designs. These designs are presented in a typical toxicity testing
workflow for molecules with no previous repeat dose toxicity data.

3.1 Palatability and The first repeat-dose study in a testing program for a new substance
Triggered Range- is typically the palatability or triggered range-finding study (Fig. 1).
Finding Study in Rats While not a regulatory requirement, this non-guideline study is a
critical first step prior to the initiation of DART studies. The purpose
of this study is to determine the palatability of the test substance for
dietary and drinking water routes and to screen for general toxicity.
At the conclusion of the study, the data should define a palatable
dose level up to a maximum dietary or drinking water concentration
that would produce exposure up to the limit dose (1000 mg/kg/
day) or identify dose levels (up to the limit dose) producing general

Starting
Groups 14 Day Exposure (Control group and one dosed group) |
Triggered
Groups l 7 Day Exposure (two dosed groups) |

Fig. 1 Experimental design of the palatability and triggered range-finding study. A control group and one dosed
group (typically 500 mg/kg/day) are started first, followed by two additional, triggered dose groups 7 days
later. All groups are age matched for comparisons of organ weights at study termination on day 14. This
design enables determination of an adequate high dose level for subsequent studies with minimal use of
animals
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toxicity that will assist in high dose level setting for subsequent
DART studies.

The design of this study is dependent on the amount and
quality of previous toxicity data as well as the purpose of the
study. Typically, the study is between 7 and 14 days in duration
and is conducted in nonpregnant females only. The choice of
females is preferred as they are more relevant to DART studies,
and these females should be nonpregnant in order to reduce animal
(i.e., fetal) usage. Based on the situation, one of two testing strate-
gies may be used: (1) when there are minimal/no repeat-dose
toxicity data, a triggered design is used; or (2) when route-specific
data are present but insufficient, a traditional (non-triggered)
design can be conducted. Oftentimes, the former is used for new
substances (e.g., new pesticide registration) and the latter may be
used more for data gaps or REACH registration.

A traditional range-finding study is defined as a study with
three or fewer dose groups plus a vehicle control group wherein
all groups are initiated at the same time. If more than three dose
groups are needed, this suggests that previous data are not suffi-
cient and a triggered design should be used instead. Examples of
when a traditional study may be warranted are when ample data are
present for a substance, but the data are in a different rat strain or
from a different testing laboratory. In other instances, previous
toxicity data may be reliable but are outdated, and the researcher
must validate that a high dose level is adequate, yet does not
exceed an MTD. Under such circumstances, the range finding
study is a prudent use of animals, as initiating guideline or probe
studies in pregnant animals with larger group sizes is not a casual
undertaking.

A triggered range-finding study is defined as a study wherein a
single dose group and a vehicle control group are initiated simulta-
neously, followed by the “triggering” of lower and/or higher dose
groups as needed depending on the observed palatability or toxicity
(Fig. 1). For molecules with no repeat dose toxicity data, the first
dose level chosen is typically 500 mg/kg/day, since it represents
one-half of the limit dose. While more complex than a traditional
study, the triggered study offers the advantages of reducing the
number of animals as well as refining the study such that animals
are not unnecessarily over-dosed and dose levels do not need to be
terminated prematurely. This is because a traditional (non-triggered)
study design in the case of a new substance must always include the
limit dose of 1000 mg/kg/day, which may exceed the MTD.

Regardless of the design, a sample size of three to five adult
females per group is usually adequate for a palatability or range-
finding study. Body weights and feed consumption should be col-
lected daily in all animals to evaluate palatability for dietary or
drinking water exposure routes. Both water and feed consumption
should be collected if the study is via the drinking water route of
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exposure. Data interpretation can be enhanced by collecting pre-
treatment body and feed weights, as well as collecting these data in
groups that have yet to be placed on study in the case of a triggered
range-finding design. Daily handheld clinical observations should
also be conducted during the treatment period to closely monitor
animal health status. If the study is via oral gavage, then it is best to
observe animals both prior to dosing and an hour or more post-
dosing. Additional parameters evaluated in the study include a
complete gross necropsy with collection of liver and kidney (both
organs weighed) and relevant gross lesions for histopathology ana-
lyses, as well as any other endpoints that may be appropriate based
on previous or analog toxicity. A minimalist approach with regards
to the number and type of endpoints is usually best with this study,
as data interpretation can be confounded at dose-levels approach-
ing or exceeding an MTD. Often, this study obtains repeat dose
toxicity data at the highest dose level used for a test material, and
such high dose data may not be relevant for human health risk
assessment.

For a triggered range-finding study design, the selection of
subsequent dose levels occurs on day 7 of the treatment period
and is based solely on the in-life data collected (feed /water con-
sumption, body weight, and animal observations). At times, the
first initiated dose level may exceed an MTD and may require
termination prior to day 7. Therefore, a diligent study team is
required to analyze the data in real time. There are three options
for triggering dose levels. When there are no clear effects of treat-
ment at the initial dose level tested (e.g., 500 mg/kg/day), two
higher dose levels are selected (Option 1; e.g., 750 and 1000 mg/
kg/day). An equivocal or slight effect of treatment at the initial
dose level results in the selection of dose levels bracketing this dose
level (Option 2; e.g., 250 and 750 mg/kg/day). If the effects of
treatment on the first dose level are moderate to severe, the next
two doses triggered will be lower than the first (Option 3;e.g., 100
and 250 mg/kg/day).

The data obtained in a triggered range-finding study should be
interpreted carefully, as the nature of this study design can make
direct comparisons between the groups complex if the study is not
conducted appropriately. It is important to have all animals on the
study age-matched at the beginning of the treatment period for the
first initiated groups in order to make direct comparisons of organ
weights at necropsy. Also, given the study is typically conducted in
young adult animals to match guideline requirements of future
DART studies, the animals are at a steep incline on their growth
curve. Therefore, having all groups age matched allows for direct
comparisons of body weight and feed consumption between the
controls and the triggered groups. While some dose response data
can be gleaned from this design, the differences in the treatment
duration can make interpretation difficult. The triggered study is
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3.2 Developmental
Toxicity Probe Study

most useful as a comparison of each individual dose group to the
control.

Other caveats to this study design include the evaluation of
daily in-life data. It is not uncommon for individual animals to gain
minimal body weight or even lose a small amount of weight from
day to day. The time of day the data are collected should be kept
consistent from day to day to avoid fluctuations in the data that are
not reflective of treatment. Feed consumption is often a more
sensitive end point than body weight, as changes in organ weights
(e.g., increased liver weight) can mask decreases in body weight.
Animal housing should be monitored carefully each day for signs of
the animals scratching feed due to palatability effects. Given the
small sample size in this study design and the different durations of
the treatment periods among the groups, statistical analyses of
these data are not recommended.

At the end of the study, the results should be clear and provide
the researcher with information needed to select an appropriate
high dose level for later DART probe studies. The triggered range-
finding design, while more difficult to execute, has distinct advan-
tages over the traditional range-finding study. It is a refinement to
the traditional study in terms of animal welfare. Fewer animals are
needed, and there is a decreased likelihood of animal stress or early
termination of a dose group due to unnecessarily testing at dose
levels exceeding an MTD. It is also beneficial to the researcher, in
that it helps narrow the dose range to target for the selection of an
acceptable (and palatable) high dose level. A case example would be
for a substance where a dose of 750 mg/kg/day is the optimal high
dose level for subsequent studies. A triggered range-finding design
would provide the necessary preliminary data for high dose level
selection from only 12 animals dosed at 0, 500, 750 and 1000 mg/
kg/day. If a traditional range-finding study was initiated, the doses
may be spread much further apart, say 0, 100, 300 and 1000 mg/
kg/day. At the end of the traditional study, the conclusion would
be that 1000 was too high and that 300 is a No-Observed-Effect-
Level. Additional treatment levels and a control group would need
to be tested to identify an acceptable high dose level for later
studies, and, furthermore, there would have been no useful infor-
mation provided by the 100 mg/kg/day group. Based on these
significant advantages, the triggered study design should always be
considered prior to conducting a traditional study.

The developmental toxicity probe study (Fig. 2) is a non-guideline
study conducted with two major objectives: (1) selection of the
high dose for the definitive (i.e., full) developmental toxicity guide-
line study (OECD 414) using maternal toxicity endpoints and (2)
ensuring sufficient numbers of fetuses will be available for examina-
tion on the definitive study at the selected high dose level. Keeping
these goals in mind, a limited developmental toxicity probe study is
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Fig. 2 Experimental design of the rat and rabbit developmental toxicity probe and definitive studies. A control
group and three treated groups are dosed beginning just after implantation and continuing until just prior to
parturition. The gray areas of each bar depict the exposure timing. For studies using the oral gavage exposure
route, dams/does are not administered test material on the morning of necropsy (GD 21 in rats and GD 28 in
rabbits). For studies using dietary or drinking water exposure routes, animals in treated groups are provided
feed or water containing test material until the time of necropsy

completed to ensure that endpoints examined during the definitive
study are assessed at appropriate dose levels. While the probe study
is conducted in support of the definitive study and is necessary for a
properly conducted definitive study, the design of the probe is not
driven by a specific guideline. Therefore, several different study
designs are utilized across laboratories. In general, the probe
study includes a much smaller sample size (five time-mated ani-
mals/group) and usually does not collect sufficient information to
make strong conclusions regarding developmental toxicity. Use of
nonpregnant animals to set dose levels for a developmental toxicity
definitive study is not recommended. Pregnancy can alter the
response of a number of different endpoints used to determine an
appropriate high dose level; therefore, only the pregnant model will
serve as a true representation of how the test animal will respond to
the test material.

The most relevant exposure route is selected for the definitive
study based on expected human exposure, and the probe is con-
ducted via the same route. Consequently, the probe can also pro-
vide preliminary information on how well the maternal animals
handle the test material in a particular route of exposure. For
example, rabbits are known to be particularly sensitive to changes
in diet flavor and composition [30]. A dietary developmental tox-
icity probe will provide an indication about the palatability and
acceptability of the test diet to the pregnant doe. Dose levels for
the probe are selected with the primary goal of identifying an
acceptable high dose for the definitive guideline study. Previous
repeat dose toxicity data, preferably in the same species, will guide
the selection of doses that are skewed toward the MTD. Dose
spacing for the probe is generally closer than the dose selection
guidance for the definitive study (1.5-2x spacing for a probe study
versus 3—5x spacing for the definitive guideline study), so that the
threshold for maternal toxicity is more likely to be identified.
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Keeping the two goals mentioned above in mind, a typical
probe study design is as follows. Five time-mated animals/group
(three treated groups and one control group) are administered test
material via the chosen route beginning just after the time of
embryonic implantation and ending just prior to parturition (ges-
tation days (GD) 6-21 in the rat and GD 7-28 in the rabbit). Age
of the animals at the time of mating follows the attainment of sexual
maturity by a few weeks to ensure the period of peak reproductive
performance (~10 weeks in the SD rat and ~5 months in the New
Zealand White (NZW) rabbit). The assessed in-life parameters
include clinical observations, body weights, body weight gains,
and feed consumption to examine general maternal toxicity. Obser-
vations of the maternal animals are conducted daily and include
both a cage side examination and a more detailed hand-held exami-
nation designed to detect significant clinical abnormalities and
monitor the general health of the animal. Body weights are
recorded on GD 0 by the supplier, daily during the dosing period
and on GD 21 (rat) or 28 (rabbit) for a terminal body weight. Feed
consumption is recorded daily beginning a few days prior to test
material administration, through the final day of the study. Toxico-
kinetic data collection can also be included during the in-life por-
tion of the probe study and /or at necropsy, as these endpoints may
offer valuable information with regards to appropriate dose level
setting for the definitive study. The postmortem examination
includes a gross necropsy and a detailed examination of the repro-
ductive tract (number and position of implantations, viable fetuses
and early or late resorptions recorded). Liver and kidney weights are
recorded, as these are common target tissues for many industrial
and agricultural compounds. For females with one or more viable
fetuses, the ovarian corpora lutea are counted and a fetal external
examination is conducted on all fetuses. Fetuses are then eutha-
nized and discarded. Visceral, skeletal, craniofacial examinations
and fetal weights are not typically included in the probe study
design because the emphasis is primarily placed on identifying
maternal toxicity. Additionally, the small sample size (five) pre-
cludes making definitive conclusions on these fetal endpoints. If
no visible implantations are present, pregnancy status is verified by
staining the uteri with an sodium sulfide solution to visualize
potential early resorptions [31].

Consideration of previous toxicity information and/or physi-
cochemical properties of the test substance can play a critical role in
the probe study design, as occasionally this information indicates
additional endpoints that should be added to detect maternal tox-
icity. For example, if the compound is known to be irritating, with
previous data indicating point of contact irritation (gross stomach
lesions after oral exposure or nasal lesions following inhalation
exposure), saving these target tissues for histopathology may be
included in the protocol, and these data are used to select dose
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3.3 Developmental
Toxicity Definitive
Study (OECD 414)

levels in the definitive study. Previous toxicity data can also aid in
selection of additional endpoints to be added to the study design
that may help in mechanistic understanding of maternal toxicity
and the relation to fetal outcomes. As an example, moderate anemia
induced by hemorrhage was demonstrated to cause increased early
resorptions [32]. If the potential exists for the top dose to be
limited by anemia or if this endpoint might help interpret develop-
mental toxicity outcomes, then hematology should be included
within the developmental toxicity probe study design.

Data analysis and interpretation on the probe study is handled
differently than the definitive developmental toxicity study due to
the low numbers of animals included per group on the probe study.
The small group sizes in the probe study provide low statistical
power increasing the likelihood of identifying false positive or false
negative effects. Thus, only descriptive statistics (mean + standard
deviations) are collected on all and these data are interpreted with
caution. Determination of treatment-related effects is based on
sound scientific principles such as biological plausibility, compari-
son to concurrent and historical control data, and dose-response
relationships. Equivocal findings are noted and addressed in the
definitive developmental toxicity study, which includes much
higher statistical power due to the larger group sizes.

The purpose of the definitive developmental toxicity guideline study
(Fig. 2)is to evaluate maternal and developmental toxicity of the test
material. Although this study design is driven primarily by the
relevant test guidelines (e.g., OECD 414), different labs have slight
variations in the conduct of the study. Nevertheless, in all cases
detecting toxicity to the developing fetus in the form of death,
structural malformations, or altered growth is the principal objec-
tive and is carried out through a detailed examination of each fetus.

Dose selection should be based upon previous toxicity
information provided by a developmental toxicity probe conducted
under similar conditions (same species, strain, route of exposure,
vehicle, and laboratory), as described in the preceding section.
Using these data, a high dose level is selected that will show
maternal toxicity but not induce severe maternal suffering or
death. Typically, maternal body weight data are used to select a
high dose level that will cause no more than a 10-20 % decrease in
body weight gain during 1 or more 3 day measurement intervals.
Interpretation of probe study maternal body weight decreases dur-
ing the last week of gestation in the rat must be done with caution
since a decrease may be caused by fetal (not maternal) body weight
reduction and/or decreased fetal numbers. Evaluating maternal
body weight data in conjunction with feed consumption data may
aid in distinguishing maternal and fetal effects. The high dose can
also be driven by palatability of the test material on a dietary study,
whereby a dose level above the threshold of palatability will reduce
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feed consumption and therefore drive maternal body weight and
body weight gain down. In rabbits, this issue is somewhat mitigated
by addition of “Generally Recognized As Safe”-certified apple
flavoring to the test diet to improve palatability. Another factor to
consider in the dose level selection is TK data. Specifically, TK data
from probe studies can be obtained to identify levels of parent
compound or metabolites reaching the fetus. These data can be
important for both dose level setting (via the KMD approach) and
interpretation of findings. A goal of the developmental toxicity
study is to establish the maternal and fetal NOAEL, and therefore,
this goal should be kept in mind when selecting the low dose. In
certain instances, it may be necessary to repeat a particular dose
level from the probe study to determine the relationship to treat-
ment of equivocal developmental effects observed in the probe
study. The low number of litters assessed during the probe may
make it difficult to interpret findings within the context of the study
and therefore, additional information at the same dose level on the
full study can aid in distinguishing treatment-related versus inci-
dental effects. For example, observation of a rare external fetal
malformation in a single high dose litter on the probe may warrant
repeating that dose level on the definitive study to help interpret the
finding as either treatment-related or spurious and unrelated to
treatment.

The basic study design for the definitive study is similar to the
above-described probe study in terms of dosing duration (GD 6-21
for rats and GD 7-28 for rabbits), in-life parameters and certain
aspects of the postmortem examination. However, the definitive
study includes more litters per group and more endpoints, includ-
ing an extensive fetal examination. Twenty-four time-mated ani-
mals/dose group are included in this study design. This number is
selected to target approximately 20 pregnant animals (or animals
with implantation sites) at necropsy. Daily hand-held clinical obser-
vations are conducted and body weight and feed consumption data
are recorded as in the probe study. Postmortem examination of all
dams/does is performed as in the probe studies. The sequence of
maternal necropsies is counterbalanced across groups (e.g., control,
high) to control for potential confounding influences of timing on
skeletal ossification [33, 34]. If TKis included in the study design, a
terminal blood sample is taken from the first four pregnant
females/group and their respective litters at necropsy on GD 21
(rat) or 28 (rabbit).

Fetal examinations consist of the sex and body weight determi-
nation and an external examination on all fetuses. Additionally,
visceral, skeletal, and craniofacial exams are performed on all
(rabbits) or a roughly half (rats) the fetuses per litter. The most
commonly cited visceral examination techniques include that of
Staples [35] and Wilson [36] which are specified in the test guide-
lines. In brief, the Wilson technique involves fixation of the fetus in
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Bouins solution at the time of necropsy and subsequent gross exam
by freehand serial sectioning with a scalpel through the fixed fetus
trunk and head regions. The Staples technique involves an exami-
nation of the fresh fetus under a dissecting microscope. This tech-
nique includes a methodical evaluation of major visceral organs and
features, and a detailed assessment of the major vessels and internal
structures of the heart. Many sources have described the advantages
and disadvantages to each technique [37, 38]. All rabbit fetuses and
roughly half of the rat fetuses in a litter are thoroughly examined for
visceral abnormalities according to methods based on Staples [35]
and Stuckhardt and Poppe [39]. The heads of roughly half of the
rat and rabbit fetuses in each litter are removed, placed in Bouin’s
fixative and serially sectioned to allow for inspection of the eyes,
brain, nasal passages, and tongue according to the technique of
Wilson [36].

All rabbit fetuses and the remaining rat fetuses not selected for
visceral examination are prepared, stained and examined for skeletal
abnormalities according to methods based on Trueman [40] and
Zablotny [41] for double staining or Dawson [42] for single stain-
ing. In brief, fetuses are eviscerated and skinned to allow penetra-
tion of the stain(s). Next, they are fixed in ethanol, then macerated,
stained and cleared. The single staining technique utilizes Alizarin
Red-S and stains only ossified bone, leaving it a red-purple color.
Double staining targets ossified bone with Alizarin Red-S and
cartilaginous tissue, which is stained using Alcian Blue. The fetal
staining process can be accomplished using a manual method in
which solutions are poured into and drained from compartmenta-
lized boxes. Alternatively, use of an automated pathology tissue
processor greatly increases the efficiency of the maceration, staining
and clearing of eviscerated and skinned fetuses [41]. The skeletal
examinations are performed by careful evaluation of all bones from
head to the tail, from both the ventral and dorsal positions.
Assessments include presence or absence of a bone, degree of
bone ossification and any abnormality in bone structure including
misshapen bones, misalignment or lack of symmetry. Double-
stained specimens have the advantage of showing underlying carti-
lage, which can help distinguish between an under-ossified and a
missing bone.

Proficiency and skill of the evaluators is paramount for visceral
and skeletal examinations, as familiarity of normally developed
structures will allow for recognition of altered development. Iden-
tification of sometimes extremely subtle differences in structure is
necessary, as in the case of degree of bone ossification. Extensive
visceral and skeletal training, including assessment of proficiency by
way of written and practical exams ensures all examiners are well
equipped to identify any alterations in the fetus. All fetal alterations
are classified as either a variation or malformation. A variation is
defined as divergence beyond the normal range of structural
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constitution that may not adversely affect survival or health,
whereas a malformation is defined as a permanent structural change
that may adversely affect survival, development, or function [43].
Certain variants are seen with relatively high frequency among
control animals and may therefore be defined within the labora-
tory’s Standard Operating Procedure as within normal limits and
not recorded during examinations. For example, skeletal variants
routinely observed in control animals include: pinpoint foramina of
skull bones and lumbar or cervical vertebral spurs in rats and
rabbits, holes in the xyphoid process of rats, and bone islands in
the skull or a single band of cartilage between the fifth and sixth
sternabrae in rabbits.

The different stages of embryonic or fetal development can
have varying degrees of susceptibility to certain compounds. There-
fore, treatment-related resorptions or fetal deaths are important
indicators of disrupted development and can represent maternal
toxicity-mediated effects or direct embryo—fetal toxicity. Postim-
plantation loss can represent a complete picture of embryo to fetal
toxicity that may occur during the dosing period, as this endpoint
accounts for early and late resorptions as well as dead fetuses. Early
resorptions can occur in response to embryo toxicity of the test
compound resulting in death and consequent resorbing of the
embryo. Toxic insult which progresses beyond the early stages of
gestation but ultimately results in resorption of the fetus may leave
fetal and placental tissue in the uterus. This finding is classed as late
resorption at the time of necropsy. Finally, while resistant to induc-
tion of major lethal malformations earlier in gestation, a fetus may
succumb to fetal toxicity just prior to the end of gestation and be
classed as a dead fetus. Viable fetuses with treatment-related struc-
tural abnormalities are another indicator of teratogenic properties
of a compound; keeping in mind that severely malformed fetuses
may be resorbed during gestation and therefore, postimplantation
loss and malformations must be interpreted together.

In addition to embryonic/fetal demise and malformations,
developmental delay can occur, most often as an accompaniment
to maternal toxicity. One key tenant of interpreting developmental
toxicity data is dependence on the Weight of Evidence (WoE)
approach. Multiple endpoints are assessed and must be viewed
collectively in order to identity patterns and overall plausibility of
the induced eftects. Fetal weights are always interpreted in light of
litter size, as the two parameters are generally inversely related. In
addition, evaluation of the corrected maternal body weight (mater-
nal body weight minus gravid uterine weight) can give an indication
about the potential secondary nature of fetal weight decreases to
maternal toxicity. If maternal weights minus the gravid uterine
weights are similar between treated and concurrent control groups,
this would suggest that decreased fetal weights in a treated group is
independent of maternal toxicity and likely driven by direct fetal
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toxicity. In other words, smaller fetal size would lead to a smaller
gravid uterine weight which would drive the maternal weight lower.
Therefore, correcting for the gravid uterine weight would distinguish
true effects on maternal weight from effects on gravid uterine weight
(due to contents of smaller fetuses). A consideration of sex ratio can
play another role in fetal weight means, as male fetuses are slightly
larger than females in both rats and rabbits. Therefore, careful con-
sideration of the weights by sex as well as sexes combined may offer
further important information for interpreting fetal growth.

With regards to the interpretation of fetal developmental tox-
icity, one of the most important factors from a risk assessment and
classification and labelling perspective is the relationship of fetal
effects to maternal toxicity. Adverse developmental outcomes that
occur at doses that do not elicit maternal toxicity are of greater
concern, as this signifies a selective toxicity on the developing
conceptus [44—46]. On the contrary, developmental effects on
the offspring that occur at dose levels where the mother is also
affected can signify fetal toxicity that is induced secondary to
maternal effects. The embryo /fetus is dependent on the maternal
compartment for an array of physiological needs, and therefore,
effects on the mother can intimately affect in utero development.
Nevertheless, without definitive mechanistic information, the
causal link between maternal toxicity and fetal development can
oftentimes only be hypothesized.

One area in which extensive research has been conducted to
evaluate outcomes on the fetus is maternal feed consumption (and
associated body weight decrements) and subsequent fetal develop-
ment. Numerous maternal feed restriction studies have demon-
strated the interrelatedness of maternal feed intake and reduced
fetal body weight and/or delays in bone ossification (i.e., fetal
developmental delay). Data from published feed restriction
research and internal historical data can be synthesized into a few
major rules to aid in data interpretation of developmental toxicity
study data. Specifically, synthesis of the rat feed restriction model
data reveals several conclusions regarding the relationship between
maternal body weight gain and feed consumption decrements and
fetal toxicity:

e Decreased gestation day (GD) 6-21 feed consumption up to
50 % and decreased maternal body weight gain from GD 7-21
up to 60 % have no treatment-related effect on visceral exam
endpoints, external exam endpoints, litter size, gestation length,
sex ratio, gestation survival, or postimplantation loss [47, 48].

¢ Fetal body weight at GD 21 is relatively insensitive to decreases
in maternal feed consumption or maternal weight gain during
GD 6-14. A 50 % decrease in feed consumption and <10 %
body weight loss during the first week of an OECD 414 test
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3.4 Reproduction/
Developmental
Toxicity Screening
Study (OECD 421/422)

(GD 6-14) has no discernible effect on embryo/fetal develop-
ment [47,49].

e GD 14-21 (the final week of gestation when fetal body weight
increases exponentially) is the sensitive window for fetal body
weight decreases in relationship to decreases in maternal feed
consumption and body weight gain. A decrease in feed con-
sumption of more than 30 % but less than 50 % during the last
week of gestation (GD 14-21) produces a significant reduction
in fetal body weight of 15 % [49]. A decrease in maternal body
weight gain of more than 15 % but less than 35 % during the last
week of gestation (GD 14-21) produces a significant reduction
in fetal body weight [47, 48]. Zhang et al. [50] showed that a
50 % decrease in feed consumption accompanied by a 22 %
decrease in maternal body weight gain during GD 14-21 signif-
icantly reduced postnatal day one pup body weight by approxi-
mately 15 %.

e Delays in bone ossification are less sensitive than fetal body
weight decrements to decreases in feed consumption or mater-
nal body weight gain. Decreases in feed consumption and mater-
nal body weight gain during the final week of gestation >70 %
produce a delay in fetal bone ossification [48].

Interpretation of developmental delays or alterations in growth
of the fetus should be considered in the context of maternal toxicity,
pattern of effects, and degree of delay (i.e., minor skeletal variations
versus missing bone or cartilage anlagen). Fetal skeletal variations
typically observed are delays in bone ossification and are often asso-
ciated with delay in maternal body weight gain [51, 52]. These
effects combined represent a generalized delay in fetal maturation
(i.e., developmental delay). In rats, the days just prior to parturition
are the peak periods for rapid bone ossification [33, 34, 51], espe-
cially in the phalanges, thoracic and lumbar vertebral centra,
sternebrae, and calvarium. Therefore, a pattern of incomplete or
delayed ossification limited to these late-ossifying bones is more
likely associated with a generalized developmental delay than with
skeletal dysplasia [51, 53]. Multiple studies have indicated that
delayed ossification is transient, and fetuses with delayed bone ossifi-
cation will undergo normal bone ossification after parturition [51,

54-56].

The reproduction/developmental toxicity screening test (OECD
421 or 422) (Fig. 3) is performed as a requirement under European
REACH legislation for industrial chemicals with an annual produc-
tion or import level of 10 t or more. Conversely, these studies are
not a requirement for pesticide chemical registration; instead,
the definitive multigeneration (OECD 416) or the EOGRTS
(OECD 443) is the requirement. Often, the reproduction/
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Fig. 3 Experimental design of the rat reproduction/developmental toxicity screening study. A control group and
three treated groups are administered test material continuously prior to breeding, throughout mating and
gestation, and up to approximately lactation day 14. Parental males are administered test material for a total
of at least 28 days

developmental toxicity screening study is performed during the
pesticide toxicity testing program to identify an appropriate high
dose for the required definitive reproduction study (two-
generation; OECD 416) and to obtain TK and endocrine activity
information earlier in the testing program.

These screening studies were explicitly designed to serve solely
as an indicator of potential for reproductive and /or developmental
toxicity and were not intended to be used in place of the definitive
study designs (OECD 414,416, and 443). The study design results
in data that is useful in priority setting for further definitive testing.
The study design is such that for both the OECD 421 and 422, a
minimum of eight pregnant rats and ten males are exposed begin-
ning at least 2 weeks prior to mating, through mating (up to
2 weeks), and through at least 28 days total exposure duration for
males or through gestation, early lactation, and until necropsy
(lactation day (LD) 14) for females. The study designs cover gam-
ete release, fertilization, early preimplantation embryogenesis,
implantation, full embryogenesis, fetal development, parturition,
and postnatal development up to LD 13 (ending during the period
of peak milk production by the dam). The OECD 421 study
specifically focuses on reproduction and development, whereas
the OECD 422 design is a combined screening test that covers all
the endpoints of the OECD 407 Repeated Dose 28-day Oral
Toxicity Study in addition to the endpoints included in the
OECD 421 study.

The OECD 421 /422 studies are terminated after LD 13, and
therefore, effects on sexual maturation or reproductive capacity of
the offspring cannot be completely determined. Gamete produc-
tion in males is not fully assessed in the screening studies, as the
exposure period does not cover an entire spermatogenic cycle.
Additionally, teratogenicity cannot be definitively ruled out, as
visceral and skeletal examinations are not performed on the off-
spring, and maternal cannibalism of malformed oftspring during
the postnatal period may go undetected. Additionally, a smaller
sample size is used in the screening studies than is included on the
definitive reproductive or developmental toxicity guideline studies
(OECD 443,416 or 414) and results in lower statistical power for
the majority of reproductive endpoints. With these factors taken
together, the interpretation, relevance and utility of the screening
studies must be carefully considered in regards to regulatory utility.
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Dose level setting for the OECD 421 /422 studies should be
based upon data from previous studies conducted in the same rat
strain. As in most guideline study types, the aim for setting the high
dose in the OECD 421 /422 is to achieve an acceptable high dose
level through induction of “toxic effects but not death nor obvious
suffering.” The guideline also suggests consideration of any avail-
able TK data in dose level setting, geared toward using a KMD.
Typically, TK data generated within the context of the OECD 421/
422 is considered in using the KMD approach for the definitive
study and in this case the dose levels in the screening study will be
selected based on the criteria for reaching a maximum acceptable
dose. For agrochemicals, data generated on the preceding develop-
mental toxicity probe study typically is used to set the reproduc-
tion/developmental screening study dose levels. In cases where no
suitable preceding data are available, a triggered range-finding
study may be necessary. Because this range-finding study is typically
performed in nonpregnant animals, the potential for differences in
sensitivity of nonpregnant, pregnant, and lactating females to sys-
temic toxicity should be considered in the dose level selection for
the OECD 421 /422 [57].

Endpoints addressing both systemic toxicity and reproductive /
developmental toxicity are assessed under the OECD 421 /422 test
guidelines. General assessment of the health of the parental gener-
ation males and females is included in the OECD 421 study, while a
more comprehensive evaluation of general toxicity is covered in the
OECD 422 study to achieve the combination of the OECD 407
(28-day repeated dose toxicity test) with the OECD 421 screen.
More specifically, systemic toxicity is assessed during the OECD
421 study by monitoring male and female clinical signs through
daily observations, body weight, and feed consumption. At nec-
ropsy, reproductive and endocrine-specific tissues in adults are
preserved for histopathology, along with any tissues showing mac-
roscopic lesions. Offspring are observed daily for signs of toxicity
and body weights are recorded. The OECD 422 includes these
general toxicity endpoints, along with assessments of hematology,
clinical chemistry, functional observations (neurobehavioral assess-
ments) and full histopathology in all adults. Overall, systemic tox-
icity assessed in the context of the OECD 422 study has much
higher statistical power than the 28-day oral toxicity study (OECD
407), as the OECD 422 sample size is roughly doubled in
comparison.

Specific DART endpoints that are assessed within the context
the OECD 421/422 screening studies include: mating, fertility
and conception success, maternal toxicity through gestation and
lactation and success of gestation, survival, and growth of the
offspring. Male reproductive tract tissues are weighed at necropsy
and histopathology is performed on reproductive and endocrine
tissues from both male and female adults. In males, a detailed
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histological examination of the testes is conducted, which is suffi-
cient for detecting the majority of effects on male fertility and
spermatogenesis, following a minimum of 4 weeks of exposure
[57-59]. Female fertility and gonadal function is accounted for
by measurement of ovary, pituitary and uterine weights, histopa-
thology of these organs plus the vagina, and evaluation of estrous
cyclicity. Success of gestation, survival, and offspring growth and
development is assessed through postimplantation loss, live litter
size and pup survival evaluations, external examinations and pup in-
life observations, sex ratio, and pup body weights.

Recently, enhancements have been made to the OECD 421/
422 guidelines to increase the ability to detect compounds that are
active in the estrogen, androgen, thyroid, and steroidogenesis
endocrine pathways. The added endocrine disruptor-relevant end-
points include estrous cycle evaluations of the females prior to
conception, thyroid assessments on adults and offspring, and
assessment of markers of antiandrogenicity in male offspring
including anogenital distance, nipple retention, and visual exami-
nation of the external reproductive organs.

In the adult females, vaginal smears are collected for daily
evaluation for a minimum of 2 weeks prior to mating and through
the mating period until evidence of mating is attained. Additionally,
only females that demonstrate normal 4-5 day estrous cycles are
included on the study, so pre-exposure estrous cycling is evaluated
prior to placing the animals on study. Another complexity to
accommodating evaluation and interpretation of this endpoint is
that in the rodent, estrous cycling can be affected nonspecifically by
acute toxicity factors including reduced feed consumption and
body weight [60-63]. Therefore, to acclimate the animals to test
material exposure, test material administration is initiated 2 weeks
prior to the collection of daily vaginal smears during the 2 week
pre-mating period. In all, following arrival of the animals and
acclimation to the laboratory for 1 week, females are monitored
daily for estrous stage for 2 weeks and then placed on study (at
approximately 10 weeks of age) if normal cycling is demonstrated
over the 2 week period. Next, exposure to the test compound is
initiated for both males and females. During this exposure acclima-
tion period, no smears are performed. Then, females are smeared
daily during the 2 week pre-mating period. Daily vaginal smears are
performed into the mating period (which can last up to 2 weeks)
until evidence of mating is attained (presence of sperm in the
vaginal canal or presence of a copulatory plug). Finally, stage of
estrous at necropsy (postnatal day (PND) 14) will be determined
for each female via a vaginal smear on the morning of necropsy.

Thyroid hormone assessments are conducted at a minimum on
all males and two offspring from each litter on PND 13. Initially, T4
measurements are conducted. If changes are seen, additional hor-
mone measurements, thyroid weights and histopathology can be
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performed. More specifically, if changes are detected in male and/
or PND 13 oftspring T4, than T4 should also be measured in dams
and blood from PND 4 pups. Next, TSH and T3 can be assessed, as
well as measuring thyroid weights (from fixed thyroids) and con-
ducting histopathology on the tissues. A PND 13 assessment of
thyroid hormone is a new endpoint which has not been included in
previous versions of these guidelines or other testing guidelines. As
a consequence, several factors will need to be considered when
interpreting the data. Initially, there will be lack of substantial
historical control for these measurements. There are age-related
changes in thyroid hormone levels in rat pups during lactation.
Specifically, T4 levels are very low on PND 4, increase ~13x by
PND 15, then decrease ~4x by PND 21 to levels similar to adult
animals. T4 levels in normal rat pups are in the range of
0.5-1.0 pg/dl on PND 4 [64, 65], rising to 8-12 pg/dl on PND
15, then declining to adult levels of approximately 3 pg/dl by PND
21 [66]. Developmental delays (e.g., decreased pup body weights)
could affect T4 levels by altering the transition to adult T4 levels.

Other endocrine disruptor indicator endpoints that have been
adopted into the OECD 421 /422 test guidelines include evalua-
tion of offspring for evidence of disrupted androgen-dependent
development. These evaluations include measurement of anogen-
ital distance (AGD) in neonatal rats, assessment of male nipple
retention and close examination of the external genitalia for
abnormalities on PND 13. AGD reduction and nipple retention
in male rats have been widely demonstrated as predictive of adverse
effects on reproductive tract development, including decreased
testosterone production and consequent malformation of the
external genitalia and decreased reproductive organ weights
[67-70].

AGD measurements are required in the OECD 443 and are
triggered in the OECD 416 in the F2 generation only if a
treatment-related effect on sex ratio or age at pubertal onset is
detected in the F1 generation. To reduce interobserver variability,
all efforts must be made to have a single observer perform all
measurements within the context of a single study or that measure-
ment techniques are uniform between observers. AGD is influ-
enced by size of the animal, and therefore, it is best evaluated
with the cube root of the body weight (adjusted from a three
dimensional parameter to be comparable with the one-dimensional
parameter of AGD) used as a covariate. In this way, if there is a
statistically significant change in AGD, it can be considered
treatment-related if it cannot be explained by the size of the animal.
From a logistical perspective, this requires pup body weight be
collected at the same time as AGD measurements are performed
and that these assessments are done on the same postnatal day for
all pups (between PND 0 and 4) and ideally by the same observer
across an entire study.
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In much the same way, evaluation of nipple retention can also
present the need for careful coordination from a logistical perspec-
tive. Normally, during in utero male sexual differentiation, the
areola and nipple formation is reversed through the action of 5a-
dihydrotestosterone derived from fetal testicular androgen produc-
tion [71-74]. Compounds that interfere with in utero androgen
production or action will result in retained areola and /or nipples in
male offspring. This endpoint is generally assessed on PND 13
pups, as nipples are prominent at this age, and it is also just prior
to the thickening of hair growth that could block visualization of
any retained structures. Nevertheless, assessment of nipple reten-
tion in PND 13 pups is quite subjective. Areolae or nipple retention
in the presence of prenatal androgen hormone disruption can
display a spectrum of appearance from very faint to prominent
and easily identified [75]. In addition, dark focal areas at the nipple
anlagen can occur in the absence of any external mammary anlagen
(areola and nipple) retention, which can result in an artificially high
control incidence of retained nipple counts in an untrained
observer. Therefore, it is imperative that staff be well trained to
identify retained nipples or areola and ideally, that the same
observer evaluates all offspring within the context of a single study.

Hypospadias is a malformation of the urethra in males, where
the urinary opening is shifted from the end of the phallus. This
malformation is the most commonly cited malformation resulting
from exposure to antiandrogen activity. Therefore, careful assess-
ment of the external genitals in PND 13 offspring has been
amended to the OECD 421 /422 test guidelines. In male rats,
separation of the prepuce from the glans penis marks pubertal
onset in the male beginning at PND 35-46 and therefore, only a
genital bud is present at PND 13. In conducting the external
examination of offspring, observers should therefore be aware of
the potential for urethral displacement to the base of the genital
bud as an early indicator of hypospadias [69, 73, 76].

Due to the subjective nature or relative lack of historical control
for many of these endpoints, extensive training and validation
within a laboratory may be required to ensure uniformity in collec-
tion of the data. Depending on the experience of the laboratory and
frequency of conducting these endocrine disruptor-relevant assess-
ments, a positive control study utilizing a strong antiandrogen
(flutamide) is likely the most effective method for comprehensive
training on recognizing and evaluating these endpoints.

As mentioned above, integration of sampling for TK of the
parent test compound and major metabolites can be highly infor-
mative and useful when performed in the context of the OECD
421/422 studies. TK data can be collected on male and female
adults in the prebreeding period, female blood and milk in lacta-
tion, and offspring at termination. Beyond using this data for dose
level setting according to the KMD approach, this TK information
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is critical to the design of the EOGRTS. The OECD 443 for the
EOGRTS states: “If gavage studies are performed, it should be
noted that the pups will normally only receive test substance indi-
rectly through the milk, until direct dosing commences for them at
weaning. In diet or drinking water studies, the pups will addition-
ally receive test substance directly when they commence eating for
themselves during the last week of the lactation period. Modifica-
tions to the study design should be considered when excretion of
the test substance in milk is poor and where there is lack of evidence
for a continuous exposure of the offspring. In these cases, direct
dosing of pups during the lactation period should be considered
based on available TK information, offspring toxicity or changes in
bio-markers.” Therefore, milk and nursing offspring TK informa-
tion obtained during the OECD 421 /422 can determine whether
the study design modification of direct dosing of the nursing pups
is necessary on the subsequent EOGRTS.

Interpretation of reproductive performance should be accom-
plished using a collective WoE approach, based on the indices of
reproductive performance along with organ weight, histopathology
and estrous cycling information. Here, the significance of the vari-
ous indices of reproductive performances is summarized briefly.
The mating index can be impacted by neurobehavioral factors,
along with endocrine disruptions and therefore, the information
collected in the OECD 421/422 is generally not sufficient to
determine the cause of an effect on mating. Although histopathol-
ogy may demonstrate an effect on spermatogenesis in the male
testes, an effect on the fertility index may not be reflected, since
males are treated for a shorter period than the full spermatogenic
cycle and the large excess of spermatozoa in the male rodent
requires that a large reduction in sperm number occur before
fertility is affected. The gestation index gives an indication of the
ability to produce a live litter, but is calculated based on the number
of females with at least one live born pup per number of pregnant
females. Therefore, this index is not very sensitive as it does not give
any weight to number of resorptions in a litter. Reduced gestation
length is generally directly related to birth weights and pup survival
in that a significant reduction in gestation time leads to reduced
pup weights and survival. Conversely, significantly increased gesta-
tion length can lead to dystocia, thus adversely affecting pup and
dam health and /or survival. Litter size is a fairly sensitive indicator
of disrupted reproductive performance. This parameter can be
altered by decreased ovulation, disrupted sperm parameters or
embryo/fetal demise. Altered sex ratio can indicate selective
genetic changes, endocrine alterations or selective demise of one
sex. Finally, the pup survival index is determined several times
during lactation and provides an indication about ability of oft-
spring to survive postnatally. The survival index can be affected by
both direct and indirect effects on the pup. Direct effects include
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developmental eftects in pups or structural abnormalities and indi-
rect effects can occur through maternal neglect or lack of milk. The
survival index may also be affected by litter size (a dam may not be
able to fully support an extra-large litter) or birth weight, where
smaller pups are more susceptible to reduced survival.

To a certain extent, effects on reproductive performance can be
attributed to specific tissue insults in males or females based on the
reproductive organ weight and/or histopathology data collected
during the OECD 421 /422 studies. In males, testicular weights
are highly stable (relatively insensitive to body weight changes) and
have low variability between individuals. Therefore a change in
absolute testis weight generally indicates an adverse effect, which
can be further defined by histopathology. The weights of the pros-
tate, seminal vesicles, levator ani plus bulbocavernosus (LABC)
muscle complex, and Cowper’s glands are all androgen-dependent.
Therefore, altered androgen-dependent tissue weights can indicate
disrupted testicular function or endocrine impairments. In females,
the ovary weights and histopathology can reveal many different
adverse effects including follicular depletion, oocyte toxicity, dis-
rupted ovulation, and altered corpus luteum formation, changes in
folliculogenesis, or luteinization, and premature reproductive
senescence. Uterine and vaginal weights and histopathology fluc-
tuates with stage of the estrous cycle and pregnancy and therefore,
high variability exists between cycling animals. As a consequence,
only large treatment-related effects in weights for these tissues will
be significant in the postnatal day 14 females in the OECD 421/
422 studies. These tissues are estrogen-responsive and therefore,
effects can range from atrophic tissue in response to disrupted
steroidogenesis, to increased uterine weight and size due to expo-
sure to an estrogenic compound. Finally, in both males and females,
pituitary weight changes and associated histopathological changes
signify adverse effects associated with an endocrine disruptive
mechanism. Gonadotrophin-specific histopathological evaluation
of the pituitary can help distinguish affected cell types and confirm
changes associated with impaired reproductive function [77].

Opverall, a great deal of information can be obtained from the
OECD 421 /422 reproductive/developmental screening studies
including general toxicity assessments of nonpregnant, pregnant,
and lactating adults, indications of reproductive or developmental
toxicity, endocrine disruptor activity, and TK data through several
life stages. Nevertheless, due to the limited sample size and dura-
tion of the study, biological significance of identified changes must
be considered in the context of other information when available
and in certain cases, interpreted as “equivocal” until additional
testing is conducted. As stated in the guidelines “... this method
will not provide evidence for definite claims of no reproduction/
developmental effects. Moreover, in the absence of data from other
reproduction/developmental toxicity tests, positive results are
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3.5 Two-Generation
Reproductive Toxicity
Study (OECD 416)

useful for initial hazard assessment and contribute to decisions with
respect to the necessity and timing of additional testing.” In short,
the OECD 421 /422 screening studies can be powertul tools when
used appropriately and when the utility of the assay is understood
from the outset.

The two-generation reproductive toxicity study is conducted
according to the OECD 416 test guideline and is designed to
evaluate the potential effects of a test compound on male and
female reproductive function, as well as survival, growth, and devel-
opment of offspring.

In this study design, rats (reccommended species) are exposed to
the test article for approximately 10 weeks prior to breeding, and
continuing through breeding (2 weeks), gestation (3 weeks), and
until necropsy for each of two generations (Fig. 4). Each dose
group (usually three) and control group should contain sufficient
numbers of females (approximately 25) to achieve the guideline
recommended number of pregnant females /group (i.e., 20) at each
breeding phase. The Crl:CD(SD) strain of rat is used due to its high
pregnancy rate, suitability for toxicity testing, and availability of
historical control data. Oral (diet, drinking water, or gavage)
administration is the recommended route of exposure specified in
the relevant test guidelines. Other considerations can be made if the
potential route of human exposure is via dermal or inhalation
exposure. Per guideline, the parental (P) animals should be approx-
imately 5-9 weeks of age at the initiation of treatment.

Dose level selection is based primarily on the results of a previ-
ously conducted reproduction and developmental toxicity screen-
ing study (OECD 421) and /or developmental toxicity probe study
conducted preferably with the same strain and route of exposure. In
addition, TK data on the parent compound or metabolites may be
used in the dose level selection using the KMD dose level selection
process outlined previously. From these previous toxicity data, the

Fo (Py)

PB

Mmle| L |

FFe)fm[e | L [ P8 M| L |

imle| L |

Fig. 4 Experimental design of the rat two-generation reproductive toxicity study. A control group and three
treated groups are administered test material continuously for 10 weeks prior to breeding, throughout mating
(2 weeks) and gestation (3 weeks), and up to the end of lactation (3 weeks) for each of two generations. In
total, test material exposure is continuous for a total of approximately 42 weeks from the beginning of
exposure in the first parental generation (P1) to the end of exposure in the second filial generation (F2). PB pre-
breeding, M mating, G gestation, L lactation
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Data Interpretation

investigator selects a high dose (not to exceed the limit dose of
1000 mg/kg/day) with the aim of producing some parental toxic-
ity or reproductive toxicity but not parental mortality exceeding
10 % or severe suffering of the animals. The remaining dose levels
are usually spaced at three- to fourfold intervals and are selected to
provide dose-response data for any observed treatment-related
effects in the high dose group. The low dose is expected to be a
NOAEL.

Study parameters and schedule for adults and their litters are
summarized in Tables 4 and 5. All animals are monitored for
growth and health throughout the study. The estrous cycle of
the females is evaluated for length and normality for 3 weeks
prior to mating, during cohabitation, and on the day of the
scheduled necropsy. Females are observed for signs of parturition
and any signs of difficulty or unusual duration are recorded. The
day of parturition is recorded and the pups are examined. The
tollowing endpoints are recorded for each litter: the date of partu-
rition; the number of live and dead pups; and the sex and body
weight of each pup (before and after culling). Any abnormalities in
the pups are recorded. To minimize variation in pup growth due
to differences in litter size, litters may be standardized to eight
pups per litter.

One male and one female per litter are randomly selected as P2
animals to produce the second generation. All F1 weanlings
selected as the future P2 generation are observed daily for vaginal
opening or for preputial separation. The age and body weight of
the animals on the day of attainment are recorded. If a treatment-
related effect on F1 sex ratio or age at pubertal onset is detected,
anogenital distance (absolute and relative to the cube root of body
weight) is measured in the F2 pups [78].

A complete necropsy with collection of organ weights and
histopathological evaluation of reproductive and target organs is
conducted on all adult animals/sex /generation. The histopatholo-
gical examination of testis includes a qualitative assessment of stages
of spermatogenesis. Examination of the ovaries includes enumera-
tion of primordial follicles in the post-lactation P2 generation
females. Sperm motility, spermatid /sperm epididymal and testicu-
lar counts and morphology are also evaluated in the adult males of
each generation. A subset of weanlings is randomly selected for a
gross pathological examination with or without the collection of
organ weights.

The investigator interprets the results of the reproduction study for
both parental and reproductive effects. Interpretation of parental
effects may include effects on endpoints of clinical observations,
growth (body weight/body weight gains), feed consumption,
organ weights, and gross and histopathology of reproductive and
target organs. Interpretation of reproductive effects may include
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Table 4

Summary of two-generation study parameters and schedule (adults)

Number of Timing (both generations unless indicated
Study events and parameters  animals otherwise)
Cage-side examinations All At least twice daily
Clinical observations—males All Weekly throughout the study

Clinical observations—females All

Body weights—females All
Body weights—males All
Feed consumption—females All
Feed consumption—males All

Estrous cycle evaluation—females All

Reproductive performance All

Gross necropsy—adult females Al

Gross necropsy—adult males All

Organ weights (target and All
reproductive)

Sperm motility—males All

Sperm count (testicular and
epididymal)

Sperm morphology

Histopathology (including
oocyte quantification) P2 only ~ high-dose

animals

All control and
high-dose males

All control and
high-dose males

All control and

Weekly during pre-breeding period; GD 0, 7,
14,and 21; LD 1, 4, 7, 14, and 21

Pre exposure, twice during the first week and
weekly thereafter during pre-breeding period;
GD 0,7, 14,and 21; LD 1, 4, 7, 14, and 21

Pre exposure, twice during the first week and
weekly thereafter

Twice during the first week and weekly thereafter
during pre-breeding period; GD 0, 7, 14, and
21;1D 1,4,7,11,14,17,19,and 21

Twice during the first week and weekly
thereafter during pre-breeding period; weekly
following breeding phase

Three weeks prior to mating; during mating;
day of necropsy

N/A

After LD 21 or at least 24 days after evidence of
mating or end of mating period for females
not delivering a litter

After litters have been born

At necropsy

At necropsy

Post-necropsy

Post-necropsy

Post-necropsy

GD gestation day, LD lactation day, N/A not applicable

effects on male and female reproductive function, as well as survival,
growth, and development of the offspring.

The relationship to treatment of clinical observations or other
incidence data is assessed by examining the overall incidence along
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Summary of two-generation study parameters and schedule (litters)

Timing (both generations unless

Study events and parameters Number of animals indicated otherwise)

Dam//litter clinical observations  All PND 0, 1,4, 7,14, and 21

Dam//litter cage-side observations All PND 0-21

No. of live and dead pups All PND 0, 1,4,7, 14, and 21

Pup sex and body weight All PND 1, 4 (BC and AC), 7, 14, and 21
Anogenital distance® All PND 1 (E2 pups only)

Culling All PND 4

Weaning All PND 21

Gross necropsy—weanlings 3 /sex/litter PND 22

Organ weights—weanlings 1/sex/litter PND 22

Vaginal opening (VO) 1 female /litter PND 28 until achieved (F1 only) or PND 43
Preputial separation (PPS) 1 female /litter PND 35 until achieved (F1 only) or PND 53
Body weight at pubertal onset All/sex/litter Day of VO or PPS acquisition (F1 only)

PND postnatal day, BC before culling, AC after culling
*Anogenital distance is measured in F2 pups in the event of a treatment-related effect on F1 sex ratio or puberty onset

with other factors. Data interpretation often requires a holistic
assessment of more than one endpoint due to the interrelatedness
of endpoints examined in a reproduction study. For example, there
may be an increased incidence of'signs of dystocia (difficult birth) in
the dams on a reproduction study that may be associated with an
increase in gestation length. A treatment-related increase in the
incidence of clinical signs consistent with pup mortality (dead,
autolyzed, pale skin, placental tissue attached, cold to touch, and
decreased activity and others) may also be noted and could be
evident in conjunction with decreases in neonatal survival, pup
body weights, and litter size. However, an increase in gestation
length could also be associated with higher pup body weights.
Both litter size and survival indices are important endpoints that
may be impacted due to several factors and should be interpreted
together with other reproductive endpoints.

A reduction in male or female fertility is another case where the
data should be interpreted together with sex-dependent changes in
either sperm parameters (motility, counts, or morphology), or
ovarian follicle counts, and estrous cyclicity data along with histo-
pathological evaluation.

Typically when assessing body weight or feed consumption data,
examination of both the mean and individual animal data is needed
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in order to determine the relationship to treatment of any higher or
lower values. The magnitude and dose-relatedness of the values are
also assessed. Whether or not the change is statistically identified or
repeated in the second generation of the reproduction study is also
taken into account. For example, if an endpoint was noted in the first
generation of pups but not in the second generation, the investigator
may conclude that the change in the first generation was spurious
and of no toxicological significance. Recent laboratory historical
control data of the same species/strain and route of exposure may
be used to assess the normal variability of the endpoint as well as an
indicator of changes that occur over time.

The investigator should understand the interaction of related
endpoints. A simple example of this is a treatment-related decrease
in body weight that is often associated with a concomitant decrease
in feed consumption. The relationship of body weight to organ
weights should also be considered. A decrease in an absolute organ
weight may or may not be due to decreases in body weight;
however, a significant decrease in body weight may impact the
organ weight. A decrease or increase in weights of the reproductive
organs may be associated with gross and histopathological changes
and may be indicative of an effect on function or reproductive
status. In general, changes in male or female reproductive organ
weights should be interpreted together with reproductive perfor-
mance and sex-dependent changes in either sperm parameters
(motility, counts, or morphology), or ovarian follicle counts and
estrous cyclicity data along with results from a histopathological
evaluation.

Occasionally, a WoE approach may be needed to assess the
relationship to treatment of a reproductive endpoint. For example,
if there was an apparent treatment-related, statistically identified
delay in pubertal onset for males in the high-dose group without a
corresponding decrement in body weight at the time of attainment,
a WoE approach may be considered when interpreting the data.
While an apparent relationship to treatment for the delay in puberty
onset cannot be ruled out, the investigator should determine
whether or not this finding occurred in isolation. Since many
factors contribute to puberty onset in male rats [79]; a WoE
approach across androgen-sensitive endpoints may help determine
whether or not there was a consistent pattern of altered androgeni-
city in the male treated rats. Using this approach, the investigator
could consider anogenital distance data, male reproductive organ
weight changes, gross or histopathological changes including qual-
itative testicular staging, and changes in sperm parameters (sperma-
tid/sperm counts, sperm motility, and sperm morphology).
A conclusion that there was no other indication of a change in
androgen status could be drawn if the following occurred:
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e There were no statistically identified or treatment-related effects
on male anogenital distance in the F2 males. Anogenital distance
is considered one of the most sensitive end points for altered
androgen status [80].

e There was no evidence of hypospadias, undescended testis, or
exposure-related testicular, epididymal, prostate, or seminal ves-
icle organ weights or histopathological changes. In addition,
there was no effect on qualitative stages of spermatogenesis.

e There were no significant changes in spermatid/sperm counts,
sperm motility, and sperm morphology.

e There were no treatment-related effects on male or female
reproductive indices, including mating, fertility, time to mating,
or gestation length.

Alternatively, the investigator may use a different approach
when there is a delay in vaginal opening and /or preputial separation
with a corresponding decrease in the body weight at age of attain-
ment. The investigator first determines whether or not the values are
within or outside the laboratory’s historical control range. Secondly,
the investigator determines if the maternal body weights are
decreased due to test material exposure in the same treatment
group. If decreased, the investigator may conclude that while
treatment-related, these slight delays in vaginal opening or preputial
separation were due to decrements in pup body weight secondary to
lower maternal body weight and, therefore, of no toxicological
significance. This conclusion is supported by feed restriction studies
where pup body weight decrements greater than ~15 % at puberty
attainment or weaning caused secondary delays in both preputial
separation and vaginal patency [47, 81, 82].

Interpretation of changes in weanling organ weights may also
take changes in body weight into consideration. For example,
decreases in organ weights may be interpreted to be secondary to
the lower body weights of these animals. The investigator should
determine whether or not the pattern of organ weight alterations in
the dose group are consistent with that seen in a one-generation
feed restriction study in which organ weights in weanlings correlate
closely with body weight [47]. The degree of change in the organ
weights should also be considered. If the organ weight changes are
minor and are associated with decreased body weight, the investi-
gator could conclude that the organ weight changes were not
considered to be toxicologically significant.

In 2011, a new OECD test guideline (OECD 443) for the
EOGRTS was finalized that could potentially replace or be an
alternative to the Two-Generation Reproductive Toxicity Study
(OECD 416). This test guideline favorably aligns with the goal of
the 3Rs (replace, refine, or reduce animal testing) and offers a tiered
testing approach. In addition to the standard reproductive
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3.6 Extended
One-Generation
Reproductive Toxicity
Study (EOGRTS;
OECD 443)

3.6.1 Regulatory Use
of EOGRTS

3.6.2 EOGRTS Range-
Finding Study

endpoints offered in the two-generation reproductive toxicity
study, this guideline also includes cohorts for both developmental
neurotoxicity and developmental immunotoxicity. Furthermore,
under this guideline, the second generation will be triggered
based on the results of the first generation rather than required.
On the other hand, drawbacks for this new testing approach
include higher costs and laboratory management constraints. The
following section describes the EOGRTS in detail.

The EOGRTS is a large, complex, highly integrated study design;
therefore, careful consideration is warranted before this study type
is selected. For agrochemicals, the EOGRTS may be selected dur-
ing product reregistration to fill data gaps and /or update previously
conducted registration studies. For example, if a pesticide active
ingredient has an older two-generation reproductive toxicity study
(i.e., conducted before the 1998 test guideline revision) and also
requires additional registration data, such as a developmental neu-
rotoxicity study (OECD 426) and /or endocrine assessments (e.g.,
a comparative thyroid study), then an EOGRTS may allow for the
conduct of a single study instead of multiple studies and save
animals, resources, and costs. For new pesticides, the studies
required for pesticide registration will generate similar data across
several studies to allow an evaluation of the same types of toxicity.
In this case, an EOGRTS is not required.

For industrial chemicals, the scenario for using the EOGRTS
design is different than agrochemicals. In 2015, amendments to
annexes VI, IX and X of REACH [83], industrial chemicals pro-
duced at greater than >100 metric tons/year require a reproduc-
tive toxicity study (EOGRTS preferred) as part of their data set in
accordance with REACH data requirements for reproductive tox-
icity. With lower volume chemicals, an EOGRTS may be triggered
based on findings in other studies.

Whether the study is conducted for an agricultural or industrial
chemical, a range-finding study may be beneficial before conduct-
ing an EOGRTS. The decision to conduct a range-finding study
will depend on several factors, including: (1) Whether there are
available data that will allow the investigator to select dose levels in
pregnant/lactating animals with some degree of confidence. If
selected doses are too high, consequences could include nonspecific
effects in the F1 offspring that may impact numerous toxicity end-
points or excessive toxicity resulting in insufficient offspring to fill
the various cohorts and assess all endpoints needed in the EOGRTS
design. Alternatively, the regulatory acceptability of a large, expen-
sive EOGRTS study may be at risk if animals are not sufficiently
challenged with the test compound. (2) Whether the investigator
verifies lactational transfer. To gain full value from an EOGRTS
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study, it is important to demonstrate that the pups were exposed to
the test material during critical windows of development; other-
wise, direct dosing of the pups should be considered. (3) Whether
the investigator chooses to characterize toxicokinetics across life
stages to set a KMD, thereby avoiding dose-dependent saturation
of toxicokinetic processes and the subsequent development of irrel-
evant toxicity data. To characterize toxicokinetics, the test guide-
line recommends evaluating maternal and fetal /pup blood during
late gestation (e.g., GD 20), during mid-lactation (e.g., LD 10)
when pups are relying solely on maternal milk for nutrition, and
shortly after weaning (e.g., postnatal day (PND) 28). Maternal
milk also may be sampled on LD 10.

The range-finding study design may vary depending on data
needs, and often a modified OECD 421 /422 will serve this pur-
pose. In one example, groups of 12 male and 12 female Crl:CD
(SD) rats are fed diets supplying 0 (control), and three dose levels of
a test substance. Males are exposed for at least 2 weeks prior to
breeding and continuing throughout breeding and post-breeding
for approximately 8 weeks of exposure. The females are exposed for
2 weeks prior to breeding, continuing through breeding (up to
2 weeks), gestation (3 weeks), and lactation (3 weeks). Effects on
clinical observations, body weight/gain, gonadal function, mating
behavior, conception, development of the conceptus, and parturi-
tion are evaluated. In the offspring, litter size, pup survival, sex,
body weight, and the presence of gross external morphological
alterations are assessed. In addition, as recommended in the
OECD 443 test guideline, blood levels of the test substance can
be assessed in P1 females on GD 20 and LD 10, and F1 offspring
on GD 20, PND 10, and PND 28. Alternatively, lactational transfer
could be evaluated in LD 4 dams and PND 4 cull pups to avoid
using additional offspring. P1 males could be evaluated at termina-
tion. Test substance blood levels can be single point determinations
or three samples/day for an AUC determination [19]. A limited
gross necropsy and histopathology of reproductive and/or target
organs can be conducted for P1 adults and selected F1 PND 21
offspring if this will aid in dose selection.

The design for the EOGRTS is described in OECD test guideline
443, although there are some differences in study design depend-
ing on the regulatory program through which data collection is
required. For pesticides, the study design described in the OECD
443 test guideline is applicable and additional guidance can be
found in OECD Guidance Document No. 117 and 151. For
industrial chemicals undergoing REACH registration, there are
notable differences to the OECD 443 test guideline; these differ-
ences are outlined in the ECHA REACH information requirements
as described in the “Guidance on Information Requirements and
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Chemical Safety Assessment—Chapter R.7a: Endpoint Specific
Guidance” [84]. These differences are described in greater detail
below.

Exposures: For route of exposure, EOGRTS is most amenable to a
dietary or drinking water route of exposure. Furthermore, these
routes are preferred over oral gavage as more relevant to human to
human exposures in many cases and for animal welfare reasons.
While gavage also is an option, it is important to consider the
number of F1 animals that may require gavage exposures during
the peak of the study. If there are 20 litters/dose, four dose levels
and litters are culled to eight pups, there are potentially 640 F1
animals that will require gavage administration of test material each
day. The inhalation route also poses increased challenges for the
EOGRTS design related to combining 6-h daily exposures with the
necessary data collection while maintaining a daily 12-h light—dark
cycle. During study planning, approximately 7 h/day are set aside
to allow for the inhalation exposures, including loading and
unloading exposure chambers, time to attain target chamber con-
centrations, and time to clear the chambers of test material after the
exposures. This leaves 5 h /day for additional data collection, which
may be problematic during some phases of the EOGRTS. For
example, at time points around weaning (PND 14-28), study
activities may include P1 clinical observations/detailed clinical
observations, body weights, food consumption, litter data, F1
pup body weights, nipple retention, pup cohort assignments, pup
weaning, necropsy of P1 dams and unselected F1 pups, auditory
startle response in select F1 offspring, puberty onset evaluation in
female offspring, and detailed clinical observations in select pups.
Thus a well-organized and coordinated effort is needed to com-
plete data collection and allow sufficient time in the exposure
chambers without any impact on the 12-h light—dark cycle. Altered
light—dark cycles or shifts in photoperiod have been associated with
disrupted circadian profiles of plasma hormones, altered estrous
cycles, altered diurnal locomotor activity, decreased maternal,
fetal, and pup body weights, etc. [85-89]. These issues also are
complex via the dermal route, where dermal wrapping can be
difficult during breeding, gestation, and lactation, and would
require an enormous amount of time to expose the F1 offspring.
While the EOGRTS may be conducted by these alternate exposure
routes, the study may need to be conducted in replicates and the
resource requirements and logistics become more challenging. The
remainder of this section describes EOGRTS using the dietary
route of exposure.

For dose selection, the EOGRTS typically includes one control
group and three treatment groups that are administered test mate-
rial. The high dose can be selected using the traditional MTD
approach or using a KMD approach (see above). If the EOGRTS
is conducted for REACH, a KMD approach cannot be used; an
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MTD approach must be used as hazard characterization is required
for classification and labelling, regardless of the relationship to
human exposure levels.

Once the high dose has been selected, two lower dose levels are
selected which will provide information on dose—response relation-
ships, derivation of a benchmark dose or identification of a
NOAEL. During the EOGRTS, dietary concentrations may be
adjusted during periods when food consumption/kg body weight
is significantly elevated in order to maintain a more consistent
“mg,/kg/day” dose. This practice was justified in the original man-
uscript by Cooper et al. [90], which states: “When using fixed parts
per million (ppm) dosages for dietary administration, the investiga-
tor should consider using ADME to support reducing the concen-
tration of test substance during the lactation periods of the parental
females and during the early-life stages of the F1 generation . .. the
investigator should use ADME as well as best estimates of food
consumption to avoid overdosing the animals during these critical
life stages.” Thus, laboratories may adjust dietary concentrations
during the second and third week of lactation to account for large
increases in food consumption. During the post-weaning period,
pups also consume greater quantities of food /kg body weight for
several weeks; thus, the longer the F1 animals are maintained on
test diet beyond PND 70, the closer the test material intake values
approached the targeted dose levels [29]. At earlier time points, F1
offspring will receive doses greater than the targeted dose levels.

Study Design: The EOGRTS study design is shown in Fig. 5.
Group sizes in the EOGRTS are designed to achieve at least 20
pregnant females per dose group; typically, 25 male and 25 female
CD rats/dose are used. P1 rats are fed diets supplying 0, low-,
middle-, or high-dose of the test compound for approximately

FP)| PB [M| 6 | L

F, Cohort 1A: Reproductive Toxicity to PND 90

F, Cohort 1B: Reproductive/Endocrine Toxicity to PND 120
(may breed to generate F;)

F, Cohort 2A: Developmental Neurotoxicity to PND 78
F; Cohort 2B: Neuropathology on PND 22

F, Cohort 3: Developmental Immunotoxicity to PND 56 ‘

Fig. 5 Experimental design of the rat EOGRTS. A control group and three treated P1 groups (males and
females) are administered test material continuously for 2 weeks prior to breeding, throughout mating (up to
2 weeks) and gestation (3 weeks), and up to the end of lactation (3 weeks). P1 males receive a minimum 10
week exposure. At weaning, F1 offspring are assigned to different cohorts for further DART testing. The
F1 generation may be bred to produce an F2 generation, if needed. PB pre-breeding, M mating, G gestation,
L lactation
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2 weeks prior to breeding and continuing through breeding (up to
2 weeks), approximately six additional weeks (males receive a mini-
mum 10-week exposure) or gestation (3 weeks) and lactation (3
weeks) for females in accordance with the OECD 443 test guide-
line. P1 females will be exposed until LD 22 (the end of the
lactation period). Selected F1 offspring will be maintained on the
test diet until PND 22 (Cohort 2B), PND 53-59 (Cohort 3), PND
78 (Cohort 2A), PND 90 (Cohort 1A), or PND >97 (Cohort 1B).

Note that if REACH compliance is required, P1 male and
female rats must be exposed for 10 weeks during the prebreeding
period to account for a full cycle of spermatogenesis /folliculogen-
esis prior to breeding. Subsequent exposures (i.e., mating, gesta-
tion, lactation, and the F1 offspring) are the same as outlined in the
OECD 443 test guideline. REACH regulators have indicated that a
10-week prebreeding exposure is needed prior to the functional
fertility assessment for “classification and labelling” purposes.
However, analyses from previous studies indicate that the 10-
week prebreeding period is not necessary to detect an effect on
spermatogenesis or folliculogenesis, because more sensitive end-
points are included in the EOGRTS study design (e.g., reproduc-
tive organ histopathology, sperm motility, counts, and
morphology) [59, 91-95].

One of the strengths of the EOGRTS is the inclusiveness of a
breadth of toxicity endpoints to allow for an evaluation of repro-
ductive, neurotoxicity, immunotoxicity, endocrine toxicity, and
systemic toxicity following exposures during adulthood and during
critical life stages. In-life parameters in P1 animals include clinical
observations/detailed clinical observations, feed consumption,
body weights, estrous cycle evaluation, litter and fertility data,
thyroid hormone measurements, clinical chemistry/hematology
parameters, and urinalysis. In addition, postmortem evaluations
of P1 adults include gross pathology, numerous organ weights,
extensive histopathology, and an evaluation of sperm parameters.

In-life parameters evaluated in all F1 offspring include clinical
observations/detailed clinical observations, body weights, feed
consumption, anogenital distance, nipple retention, and puberty
onset. Depending on the specific EOGRTS design, F1 offspring
may be divided into Cohorts 1A, 1B, 2A, 2B, and 3 at weaning
(PND 21) as follows:

¢ Cohort 1A (>20/sex/dose; 1 pup/sex/litter for 20 males and
20 females per dose) are used to evaluate reproductive /endo-
crine toxicity, including estrous cycle evaluation and postmor-
tem evaluations focused on reproductive organs, sperm
assessment, and ovarian follicle counts on PND 90. This group
also is used to assess general systemic and thyroid toxicity, which
includes clinical chemistry/hematology parameters, thyroid
hormone assessment, and urinalysis. Postmortem evaluations
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in Cohort 1A (PND 90) also include gross pathology, organ
weights, and histopathology on a wide range of tissues (includ-
ing thyroids) as well as an assessment of some immune para-
meters (e.g., lymph node weights, splenic lymphocyte
enumeration).

¢ Cohort 1B animals (>20/sex/dose; 1 pup/sex/litter for 20
males and 20 females per dose) are used to generate a second
generation if needed (triggers for breeding a second generation
are discussed below). If a second generation is not needed, this
cohort is known as the endocrine group and is designated to
clarify any equivocal responses seen in the Cohort 1A animals.
Postmortem evaluations in Cohort 1B (>PND 97) include
gross pathology and organ weights with a primary focus on
tissues affected in Cohort 1A, including thyroids.

e Cohort 2A (10/sex/dose; 1 pup/litter for ten males and ten
females per dose) is used for developmental neurotoxicity
(DNT) assessments, which includes functional observational
battery (FOB), motor activity, and auditory startle response
(ASR). Between PND 75 and 90, Cohort 2A F1 animals are
perfused for central nervous system (CNS) and peripheral nerve
neuropathology evaluation and brain morphometry. Typically,
12 animals/sex/dose are used in the event that there are any
problems with brain morphometry samples (e.g., perfusion
problem, missed brain landmark during sectioning) to ensure a
sample size of 10/sex/dose for brain morphometry.

¢ Cohort 2B animals (10/sex/dose; 1 pup/litter for ten males
and ten females per dose) undergo necropsy on PND 22, which
includes brain weight collection in these weanlings and immer-
sion fixation of tissues for examination of neuropathology.

¢ Cohort 3 animals (10/sex/dose) are used to assess potential
developmental immunotoxicity using a T-cell dependent anti-
body response (TDAR) assay (e.g., sheep red blood cell
antibody-forming cell assay) on PND 56 + 3.

The endpoints evaluated in the EOGRTS are listed in Table 6.

Triggers for breeding a second generation: Data that trigger the
production of a second generation are outlined in OECD Guidance
Document No. 117 [96]. Basically, triggers include an adverse
effect on: P1 fertility or fecundity, litter parameters, F1 survival,
pup malformations, live birth index, F1 pup body weights, F1
developmental landmarks, or F1 estrous cyclicity, particularly
when these effects cannot be attributed to severe maternal or
systemic toxicity. In addition, if data in the concurrent control
group are atypical (e.g., outside historical control ranges for the
laboratory), breeding of a second generation may be useful. In
considering whether to produce the F2 generation, it is important
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to consider the limited parameter assessments in second generation
animals, which are typically euthanized at weaning (i.e., evaluations
could include reproductive performance, litter size, offspring sur-
vival and development (including anogenital distance and nipple
retention ), weanling organ weights and histopathology). Based on
retrospective analyses of 498 previous multigeneration reproduc-
tive toxicity studies [97], the second generation seldom contributes
critical data for hazard characterization or risk assessment; there-
fore, production of a second generation should be an infrequent
occurrence. If toxicity triggers are limited to the high dose level
alone (with no apparent dose-related trend), margin of exposure
(MoE) between the effective dose level and estimated human
exposures should be considered; if MoE is sufficient, an F2 genera-
tion may not be needed. The use of “in study” triggers requires that
laboratories identify critical deadlines for data collection and analy-
sis, and designate resources to complete these evaluations in a
timely manner, so that important trigger information can be iden-
tified sufficiently early to permit a second breeding.

According to the REACH guidance document [84], ECHA
would prefer that the decision on whether to breed a second
generation is made prior to initiating an EOGRTS based on the
following factors: (1) significant consumer exposure; (2) genotoxi-
city in somatic cell assays in vivo; (3) a protracted period (>1 week)
to achieve steady state for internal dosimetry; and/or (4) evidence
for a relevant endocrine MoA. Data from previous toxicity and TK
studies are useful; however, the investigator may extend the
EOGRTS if additional data generation would be beneficial to bet-
ter understand toxicity.

Interpretation of EOGRTS data: The EOGRTS evaluates a large
number of endpoints, many of which are interrelated; therefore, it
is critical to use a WoE assessment when evaluating data from an
EOGRTS. Questions to consider during data evaluation include:
(1) Is there a pattern of effects across cohorts? (2) Is there a pattern
of effects across generations? (3) Are related endpoints also
affected? (although differential endpoint sensitivity also is impor-
tant to consider) (4) Is there a dose-response relationship for the
observed effects? (i.e., note that the nature of the effects may
change with dose and non-monotonic dose-responses may occur,
although likely to be relatively rare) (5) Do the results make sense
in light of laboratory historical control data? (6) Could systemic
toxicity contribute to the effects seen? (7) Are endpoints altered
in the range of linear TK? This becomes particularly important if
there is a large MoE between effective doses and estimated human
exposures.

Examples of interpreting EOGRTS data in a WoE manner have
been described for full and abridged EOGRTS designs [29, 98,
99]. One example is the interpretation of kidney effects in the 2,4-
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dichlorophenoxyacetic acid (2,4-D) EOGRTS [29]. For 2,4-D,
kidney was identified as the primary target organ for toxicity as
demonstrated by very slight-to-slight histopathological changes in
high-dose P1 males with marginally greater effects seen in high-
dose F1 males and females. Thus, the reproducibility of kidney
findings across generations, cohorts, and sexes improves confidence
that this effect is treatment related. Interestingly, slight intergener-
ational differences in kidney toxicity were noted with 2,4-D expo-
sure. Effects in the offspring may have greater incidence/
magnitude in a given dose group due to enhanced sensitivity during
critical windows of development, protracted periods of higher
exposure that occur due to higher levels of food consumption per
kg body weight, or a combination of these factors. Therefore, a
careful comparison of exposures across life stages may be needed to
determine which of these explanations is likely. In the case of 2,4-D,
the slightly greater incidence and degree of kidney lesions in the F1
adults relative to the P1 generation was attributed to higher 2,4-D
doses in the F1 offspring associated with nonlinear TK; it was not
due to enhanced sensitivity of young animals to 2,4-D. This deter-
mination was facilitated by the well characterized dosimetry for
kidney toxicity with 2,4-D.

Another example that indicates the importance of WoE is the
finding of decreased seminal vesicle and prostate weights in the
intermediate-dose and high-dose P1 males in the 2,4-D EOGRTS
[29]. When interpreting these data, several points were considered:
(1) absolute and relative organ weights of the concurrent P1 con-
trol group were atypical (greater than the laboratory HCD range),
whereas the values for the treated animals were within the HCD;
(2) there was no associated histopathology in these organs in
2,4-D-treated animals; (3) decreased accessory sex tissue organ
weights were not reproduced in the F1 animals in three different
cohorts, despite exposure to higher doses of 2,4-D for longer
periods, which included critical windows of development; and (4)
there were no effects on accessory sex tissue histopathology or
sperm parameters in the 2,4-D-treated F1 offspring. Thus, this
effect was not attributed to 2,4-D treatment. Inherent variability
in male accessory sex tissue weights may have contributed to the
group differences [100].

Systemic toxicity can affect multiple endpoints evaluated in the
EOGRTS. Maternal body weight gains during gestation can affect
pup body weights and weanling organ weights. With greater effects
on body weight, F1 pups may exhibit altered anogenital distance,
delayed puberty onset, altered estrous cycles, and decreased epidid-
ymal sperm counts [47, 101]. Furthermore, effects may occur
secondary to other toxicities; for example, kidney toxicity (e.g.,
hypovolemia and electrolyte imbalance) can alter endocrine end-
points like adrenal gland histopathology (e.g., hypertrophy of the
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3.6.4 Advantages of the
EOGRTS Study Design

zona glomerulosa to produce aldosterone) [102, 103]. Systemic
toxicity is well characterized in the EOGRTS design, which allows
for a critical evaluation of all data to better understand primary vs.
secondary treatment-related toxicities.

With so many endpoints evaluated in an EOGRTS study and a
5 % chance for Type II errors (a < 0.05), there is a likelihood that
some statistically identified values are not toxicologically meaning-
ful. If equivocal data occur during conduct of the EOGRTS, the
reproducibility across cohorts can be used to discredit or confirm
treatment-related findings, further characterization of an effect, or
to provide information on whether an effect is sustained into

adulthood.

The EOGRTS study provides an integrated evaluation of systemic
toxicity, reproductive toxicity, developmental neurotoxicity, devel-
opmental immunotoxicity, and endocrine toxicity in animals
exposed during critical windows of development. Thus, a single
study allows for a comparison of multiple endpoints and the dose
levels at which toxic effects occur to determine the most sensitive
target organ/effect and whether effects may be interrelated. The
F1 animals are exposed during critical windows of development
(gestation, lactation through adulthood), which allows for a deter-
mination as to whether animals may be more sensitive to toxic
effects during critical life stages and which systems may be aftected.
A comparison of the endpoints in the EOGRTS test guideline
(OECD 443) and other test guidelines/study guidance documents
are shown in Tables 7, 8,9, 10, and 11.

Another advantage of the EOGRTS is that many endpoints are
assessed in both the P1 and F1 cohorts (estrous cyclicity, thyroid
endpoints, sperm parameters, etc.) or in multiple F1 cohorts
(puberty onset, body/organ weights, histopathology). These rep-
licate findings increase the accuracy and interpretive value of the
EOGRTS. Furthermore, the EOGRTS involves a more thorough
assessment of endocrine endpoints relative to other available study
designs.

The EOGRTS examines up to four pups/sex/litter beyond
weaning, depending on which cohorts are included in the study
design. Thus, more Fl offspring are evaluated than in a two-
generation reproductive toxicity study, which only examines one
pup/sex/litter into adulthood. This improves the precision of data
collected across cohorts and improves the likelihood of detecting
low incidence effects if they occur.

If the second generation is not produced, the EOGRTS is a
shorter duration study (~21-29 weeks depending on a 2-week or
10-week pre-breeding period compared with ~42 weeks for a two-
generation study) and the EOGRTS uses considerably fewer ani-
mals (i.e., ~1200 fewer animals) than the two-generation
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Table 7

Repeated dose 90-day study endpoints®

Endpoint

Study type

Repeated dose 90-day Oral Tox
(OECD 408)

EOGRTS (OECD 443)°

Dosing duration

Age during dosing

No. of animals

Body weight
(BWt)

Feed consumption

Clinical

observations

Detailed clinical
observations
(DCOs)

Ophthalmological
exam

Motor and sensory
function®

Hematology!

Clinical chemistry®

Urinalysis"

Gross necropsy

~13 weeks (90 days)

Dosing to begin ASAD after
weaning; before 9 weeks old

10/sex/dose (satellite: add 5/sex/
group in control and high dose
for reversibility)

At least weekly and terminal BWt

At least weekly
1x /day

1x /week

Prior to exposure and at termination

10/sex/dose

10/sex/dose (at termination)

10/sex/dose (at termination)

10/sex/dose (last week of study)

10/sex/dose

P1 Adults: o >13-15 weeks; ¢ - 16-18
weeks; F1: in utero, lactation, +10 week
(1A to PND 90) or +>11 week (1B to
~PND 98 or longer)

P1: 5-9 weeks of age (similar to timing in
two gens with the longer pre-breeding
exposure period)

F1: Birth to PND 90 (1A) or >98 (1B) (if no
F2 generation)

P1: >20/sex/dose
F1: >20/sex/dose (1A and 1B); 10/sex/
dose (2 and 3)

P1 weekly BWts with designated times in ¢
during gestation/lactation); F1 BWts on
designated days prior to weaning and
weekly thereafter; terminal BWts (all)

P1 and F1: At least weekly
P1 and F1: 1x /day

All P1 adults and post-weaning F1 offspring
(1x/weekly)

P1 and F1 (1A): Histopathology on eye plus
optic nerve

10/sex/dose (Cohort 24, if included) (also,
landing foot splay and auditory startle)

P1: 10/sex/dose (at termination) Partial®
(F1 only) or full scale: F1 (1A): 10/sex/
dose

Partial® (P1 only) or full scale: P1: 10/sex/
dose (plus T4 and TSH) (at termination)
F1 (1A): 10/sex/dose (plus T4 and TSH)

P1: 10/sex/dose (last week of study or end
of pre-breeding) F1 (1A): 10/sex/dose
(1A)

P1: >20/sex/dose F1 (1A and 1B): >20/
sex/dose F1 (2A, 2B, 3): 10/sex/dose

(continued)
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Table 7
(continued)
Study type
Repeated dose 90-day Oral Tox
Endpoint (OECD 408) EOGRTS (OECD 443)h
Organ Wts 10/sex/dose (liver, kidneys, P1 and F1 (1A): >20/sex/dose (liver,
adrenals, testes, epididymides, kidneys, adrenals, testes, epididymides,
uterus, ovaries, thymus, spleen, uterus, ovaries, thymus, spleen, brain,
brain, and heart) heart, prostate, seminal vesicles, pituitary,
thyroid and target tissues); terminal
vaginal smear in all P1 and F1 females for
estrous stage F1 (1A; 10/sex/group):
local and distal lymph nodes Some organ
Wots are reevaluated in F1 (1B)
Histopathology'  10/sex/dose (control and high P1 and F1 (1A): >20/sex/dose (control and

dose; lower doses as needed)
(gross lesions, brain—three
sections, pituitary, thyroid,
parathyroid, thymus, salivary
glands, esophagus, stomach, small
and large intestines w/Peyer’s
patches, liver, pancreas, kidneys,
adrenals, spleen, heart, trachea,
lungs, aorta, gonads, uterus,
accessory sex organs, female
mammary gland, prostate, urinary
bladder, peripheral nerve (sciatic
or tibial), bone marrow, skin, eyes
(if changed during ophthalmology
exam) and lymph nodes (local and
distal)

high dose; lower doses as needed) (target
organs, gross lesions brain—nine sections,
pituitary, thyroid, parathyroid, thymus, gi
tract (esophagus, stomach, small and large
intestines w/Peyer’s patches), liver,
kidneys, adrenals, spleen, heart, trachea,
lungs, gonads (includes ovarian follicle and
corpora lutea counts in F1 Cohort 1A),
uterus, vagina, accessory sex organs, vas
deferens, female mammary gland, male
mammary gland, prostate, urinary bladder,
peripheral nerve (sciatic or tibial), muscle,
spinal cord, eye plus optic nerve, bone
marrow, and lymph nodes (local and
distal—F1 (1A) 10/sex/dose);
Histopathology also may be conducted on

F1(1B) oftspring if warranted

Satellite Group 5/sex/dose (evaluate recovery of

any treatment-related findings)

Satellite group is not included in TG

*Underlined endpoints are identified in one test guideline, but not the other test guideline

"As outlined, the EOGRTS focuses on the P1 and F1 (1A and 1B) animals and does not include endpoints evaluated in
other cohorts with the exception of neurobehavioral endpoints evaluated in Cohort 2A

“Functional testing: hand-held and open-field observations, sensory evaluation [pupil response, response to touch and
sharp noise, muscle tone (with extensor thrust response), nociception (tail pinch)], forelimb and hindlimb grip perfor-
mance, body temperature

4Hematocrit, hemoglobin conc., erythrocytes count, total and differential leukocyte count, platelet count and blood
clotting time /potential

“Partial hematology does not include hematocrit, hemoglobin conc., platelet count and blood clotting time /potential
Sodium, potassium, glucose, total cholesterol, urea, blood urea nitrogen, creatinine, total protein, albumin, and >two
enzymes (e.g., alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, gamma glutamyl transpepti-
dase, and sorbitol dehydrogenase; bile acids optional)

Partial clinical chemistry does not include sodium, potassium, blood urea nitrogen (although urea is included), and only
requires two enzymes (not more than two); however, clinical chemistry in EOGRTS requires serum T4 and TSH levels
"Appearance, volume, osmolality or specific gravity, pH, protein, glucose and blood /blood cells (cell debris also included
in EOGRTS)

'In both studies, histopathology is so extensive that laboratories may default to “full histopathology” for both study types
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Endpoint

Study type

2-Generation reproduction toxicity
study (OECD 416)

EOGRTS (OECD 443)

Dosing duration

Anogenital distance
Puberty onset

Estrous cyclicity

Precoital indices

Mating and fertility
indices

Implantation data

Postimplantation
loss

Gestation length

Offspring survival /
sex ratio

Litter size

Epididymal sperm
count

Testicular spermatid
count

Sperm morphology
Sperm motility

Ovarian follicle
counts

Nipple retention
(males)

Reproductive organ
weights

Reproductive organ
histopath

16-18 weeks (P1); 26-28 weeks (F1/
P2); 6 weeks (F2) (2 generations)®

Triggered (F2 Offspring)
1 pup/sex/litter
20/dose (2 gens) (3 weeks)

20/sex/dose (2 gens)
20/sex/dose (2 gens)

20/sex/dose (2 gens)
20/sex/dose (2 gens)

20/sex/dose (2 gens)
20/sex/dose (2 gens)

20 litters (2 gens)
20/dose (control and high; 2 gens)

20/dose (control and high; 2 gens)

20/dose (control and high; 2 gens)
20/dose (2 gens)
F1 Adult Females (subset)

Not Required

20/sex/dose (2 gens)

20/sex/dose (2 gens)

16-18 weeks (P1); 17-20 week (PND
98+ in F1)*

Required (All F1 Offspring)
3-4 pups/sex/litter

20/dose (2 gens) (2 weeks + after
VO)

20/sex/dose (1 gen unless triggered)
20/sex/dose (1 gen unless triggered)

20/sex/dose (1 gen unless triggered)
20/sex/dose (1 gen unless triggered)

20/sex/dose (1 gen unless triggered)
20/sex/dose (1 gen unless triggered)

20 litters (1 gen unless triggered)

20/dose (control and high; 2 gens)

Not required

20/dose (control and high; 2 gens)
20/dose (2 gens)
F1 Adult Females (F1 Cohort 1A)

All F1 Offspring

20/sex/dose (P); 40/sex/dose (F1
Cohorts 1A and 1B)

20/sex/dose (P and F1 Cohort 1A;
examine F1 Cohort 1B if needed)

Bold text indicates differences in the 2-generation reproduction toxicity study (OECD 416) and the 2,4-D EOGRTS
study compared with the EOGRTS (OECD 443) test guideline

Includes in utero and lactational exposure period (6 weeks) in offspring
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Developmental neurotoxicity endpoints

DNT endpoint

Study type

Developmental neurotoxicity
guideline (OECDE 426)

EOGRTS (OECD 443)

Dosing duration for
offspring examined for
DNT endpoints

Detailed clinical
observations (DCOs) in
parental generation

F1 DCOs
Auditory startle
Puberty onset

Neuropath/brain

GD 6—LD 21

>10 dams/dose (2-gestation; 2-
lactation)

1 pup/sex/litter (20/sex/dose)
1 pup/sex/litter (20/sex/dose)
1 pup/sex/litter (20/sex/dose)
1 pup/litter (10/sex/dose)

morphometry (PND 22)

Behavioral ontogeny
(surface righting)

Motor activity (PND 13,
17,21)

Motor activity (adult)

Motor and sensory function

(adolescent)®

Motor and sensory function

(adult)?

Learning and memory
(adolescent)

Learning and memory
(adult)

Neuropath/brain
morphometry (adult)

1 pup/sex/litter (20/sex/dose)
1 pup/sex/litter (20/sex/dose)

1 pup/sex/litter (20/sex/dose)
1 pup/sex/litter (20/sex/dose)

1 pup/sex/litter (20/sex/dose)
1 pup/litter (10/sex/dose)®
1 pup/litter (10/sex/dose)®

1 pup/litter (10/sex/dose)

Continuous exposure to F1 across all
life stages (including in utero and
postnatal)

All P1 adults (weekly)

Weekly in F1 offspring post-weaning
10/sex/dose (PND 24 £+ 1)
3—4 pups/sex/litter

Neuropathology only (10/sex/dose)

Not required

Not required

10/sex/dose (PND 63-75)

Not required

10/sex/dose (PND 63-75)

Not required

Not required

1 pup/litter (10/sex/dose)

*FOB: Landing foot splay, forelimb and hindlimb grip performance, extensor thrust response, tail pinch, body

temperature

Larger sample sizes could be considered, e.g., up to 1 pup/sex/litter

reproductive toxicity study. The savings in animals is greater when
one considers the additional study designs that can be omitted
when conducting an EOGRTS with all cohorts included
(Table 12).

Lastly, in cases where TK data are used, the EOGRTS allows for
the use of a KMD approach to dose selection. This ensures that
marked TK saturation does not occur. TK saturation can affect
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Developmental immunotoxicity endpoints

Study type
Immunotoxicity
Endpoint (870.7800) EOGRTS (OECD 443)
Dosing duration >28-days Continuous exposure to F1 across all life stages

T cell-dependent antibody
response

(including in utero and postnatal)

>8 animals/dose; 10/sex/dose (Cohort 3)
one sex only

Positive control group (TDAR) Required Required or justify if omitted

Enumeration of splenic

Optional (consider 10/sex/dose (Cohort 1A)

lymphocyte subpopulations if TDAR+)

Splenic natural killer cell assay  Optional (consider Not required

if TDAR-)

Spleen wts >8 animals/dose  10/sex/dose (weanlings); 20/sex/dose (2 gens)

Thymus wts >8 animals/dose  10/sex/dose (weanlings); 20/sex/dose (2 gens)

Lymph node wts Not required 10/sex/dose (Cohort 1A)

Spleen histopathology Not required 20/sex/dose (2 gens); 10/sex/dose (weanlings -
optional)

Thymus histopathology Not required 20/sex/dose (2 gens); 10/sex/dose (weanlings -
optional)

Lymph node, bone marrow Not required 10/sex/dose (Cohort 1A)

histopath

3.6.5 Disadvantages of
the EOGRTS Study Design

absorption, internal dose, tissue distribution, and rate of clearance,
thereby altering the toxicity of the test compound [20, 29]. If
humans are not exposed to doses that result in TK saturation,
these parameters would not be affected; in these cases, a KMD
approach produces data that are more relevant for realistic hazard
characterization and risk assessment purposes.

Many of the disadvantages of the EOGRTS design have been
discussed previously. Unless a second generation is produced, the
EOGRTS evaluates reproductive behavior and performance in the
one generation (P1) only. Furthermore, P1 animals are not exposed
for a full cycle of spermatogenesis or folliculogenesis prior to
breeding, although sensitive evaluations of these processes are
included in the EOGRTS in animals that have been exposed to
test compound for the full cycles.

From a logistical perspective, the EOGRTS is a complex study
design, which may be difficult to interpret. If “in study” triggers are
used, data collection and analysis must be timely to determine
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Table 11
Comparative thyroid endpoints

Study type
Comparative
Endpoint thyroid guidance = EOGRTS (OECD 443)
Dosing duration GD 6—LD 21 Continuous exposure to P1 and F1 sets across all life stages
Pregnant dam thyroid 10 dams/dose Not required
evaluation®
Fetal thyroid 10 litters/dose Not required
evaluation®
Cull pup thyroid 20 litters/dose Thyroid hormones optional®
evaluation®
Adult/lactating dam 20 dams/dose P " and ? (weights and histopathology; 20/sex/dose)

thyroid evaluation®

Weanling thyroid 20 litters/dose (10" Unselected F1 offspring (PND 21-22; 10/sex/dose)
evaluation® and 12 /litter)

Adult F1 thyroid Not required Set 1a F1 offspring (~PND 90; hormones —10/sex/dose;
evaluation® weights and histopathology—20/sex,/dose)

*Thyroid evaluation includes thyroid hormones (TSH, T4 and sometimes T3), thyroid weight and thyroid histopathol-
ogy unless otherwise specified
®Blood can be pooled by litters

Table 12
Animal usage for EOGRTS vs. other guideline studies

Study type Adults® Fetuses/pups® Totals Grand total
EOGRTS 200 ~1300 ~1500

~1500
Two-generation toxicity 200 ~2600 ~2800
Developmental neurotoxicity (DNT) 100 ~1300 ~1400
Comparative thyroid study (CTS) 160 ~2080 ~2240

~6440

*Assumes 25 males and 25 females/dose group to achieve 20 pregnancies/dose group (EOGRTS, Two-gen), 25 time-
mated females/dose group (DNT) and 40 time-mated females/dose group (CTS)
Assumes 13 pups/litter

whether a breeding trigger is met and a second generation is
needed. Lastly, the EOGRTS is resource intensive and expensive,
costing 2-3x more than a two-generation study, depending on the
number of F1 cohorts included.
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3.6.6 Challenges When
Conducting an EOGRTS

Most of the endpoints included in the EOGRTS are routinely
conducted by toxicology testing laboratories; however, the size
and complexity of the EOGRTS study can make study logistics
and data collection challenging. To begin, the F1 endpoints in
the EOGRTS are typically driven by the age of the offspring, so
each animal is evaluated for specific endpoints at a particular age/
age range. Given that animals are allowed a 2-week breeding
period, the age of the animals within a cohort can vary by up to
2 weeks; therefore, there are multiple collection days for many of
the endpoints evaluated in the EOGRTS. This can become partic-
ularly complex when there are a myriad of endpoints evaluated in
different litters on the same study day. As noted above, at the time
of weaning (PND 21 £ 7 days), laboratories may be collecting the
following data on the same day in different animals/litters: P1
clinical observations/detailed clinical observations, body weights,
food consumption, litter data, F1 pup body weights, nipple reten-
tion, pup cohort assignments, pup weaning, necropsy of P1 dams
and unselected F1 pups, auditory startle response in select F1
offspring, puberty onset evaluation in female offspring, and
detailed clinical observations in select pups. The time around wean-
ing of the F1 offspring is a particularly busy period, so laboratories
must be very organized to ensure that no data collection or cohort
assignments are missed.

It is sometimes difficult to fill all cohorts with the available F1
offspring. If litters have only limited number of pups of one sex,
then pups from that litter must be carefully assigned to enable that
litter to be represented in all cohorts. This requires that pup cohort
assignment is prioritized. Thus, pups are first assigned to cohort
1A, then cohort 1B to ensure that sample sizes are achieved for
primary study endpoints. If the litter is limited (e.g., only three
males or only three females), then one of each sex is assigned to
cohort 2A and 2B and the sex represented by most pups in the litter
(e.g., remaining females or males) is assigned to cohort 3. This
means that the sex balance in cohort 3 will have to be balanced with
other litters at that dose level. If there are one or two pups of one
sex in a litter, that litter cannot be represented in all cohorts if a full
cohort study is conducted (i.e., Cohorts 1A, 1B, 2A, 2B, and 3).
Pup assignment is further complicated by the birth of litters over a
2-week period, so the full picture of pup assignments may not be
available until the first litter has reached LD /PND 14.

In addition, the assignment of pups to cohorts based on birth-
date and litter of origin does not allow for the randomization of
pups by body weight at weaning. This can result in artifactual
differences in body weight (and sometimes organ weights) across
cohorts at this life stage. This must be considered when interpreting
these data; if there is a treatment-related effect on body weights, a
consistent pattern is likely across cohorts.
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The staggered delivery of litters over a 2-week period requires
that some endpoints are collected over multiple days when a group
of'animals achieves the appropriate age /age range. The EOGRTS is
an integrated study design across multiple disciplines, many of
which are not familiar with staggered data collection and variable
group sizes on different collection days. For these disciplines, it is
important to review when and how many animals will reach the
proper age for testing, necropsy, etc. It is important to consolidate
data collection to the extent possible to limit interday variability
(e.g., test across an age range when appropriate); however, it must
be recognized that some data (e.g., organ weight variability) may
be affected by allowing use of an age range.

As stated above, it is important that data are frequently
reviewed for triggers that require production of the F2 generation.
In some cases, this is not difficult, as reproductive parameters in the
P1 generation are collected and can be easily evaluated before the
F1 Cohort 1B animals reach PND 97, when a decision on necropsy
or breeding must be made. However, other triggering endpoints
like F1 estrous cyclicity, which is evaluated for 2 weeks beginning
around PND 75, may be difficult to complete before a decision on
breeding the second generation is needed (e.g., some Cohort 1B
females will reach PND 97 before the 2-week estrous cycle evalua-
tion has been completed in all Cohort 1B females; therefore, it is
likely that the decision to necropsy or breed the Cohort 1B animals
may be made after PND 97). In any event, researchers must make a
concerted effort to stay current on data collection and review so
that these decisions can be made in a timely manner.

4 Conclusion

This chapter is intended to serve as a DART testing knowledge
resource for new as well as experienced laboratory personnel.
Although DART testing guidelines were established many years
ago, the guidelines and practices continue to evolve as new scientific
information is obtained (e.g., anogenital distance as a new
endocrine endpoint and the KMD approach to dose-level selec-
tion). Thus, this chapter represents a snapshot in time regarding
DART testing methodology; however, personnel performing
DART testing should be cognizant of best practices and strive to
incorporate new scientific information (where appropriate) into
DART study designs.
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Abstract

Environmental contaminants and lifestyle play a major role in influencing human fertility. Most substances
toxic to male fertility target functions of specific testicular cells or act at various levels of the hypothalamo-
hypophyseal-testicular axis. The bio-accumulation of toxic compounds is often exacerbated by lifestyle
choices and workplace environment. Inadvertently this impairs spermatogenesis, fertility, and survival of the
oftspring by affecting the genetic constitution of the spermatozoa. Such changes can be transmitted to
future generations and may affect their fertility and health. Testicular insult can be assessed by sperm
functional assays and by measuring biomarkers in tissues and body fluids including spermatozoa. However,
histopathology remains the standard and is generally used to confirm the results of these other assays. The
need of sensitive, reliable, robust, and easily measured biomarkers that are able to detect testicular injury
before it becomes a chronic and irreversible effect is evident. The noninvasive approach of identifying sperm
molecular signatures as biomarkers is promising and may emerge as a valuable diagnostic tool in the near
future.

Key words Male infertility, Endocrine disruptors, Heavy metals, Phthalates, Pesticides, Lifestyle,
Radiations, Testicular damage, Biomarkers, Transgenerational effect

1 Introduction

Infertility has almost doubled from 8 to 15 % over the past two
decades. Though the reasons are many, in the industrialized
countries, environmental contaminants [1] as well as lifestyle
(reviewed in [2]) affect the fertility of the couple. As part of
industrialization and modernization we have observed an increase
in heavy metal toxicity, e.g., lead, cadmium, chromium, and asso-
ciated infertility. In addition, the population explosion is leading to
an increased demand for food which has pressured the agricultural
industry to increase productivity to which many have turned to
fertilizers and pesticides. Such practices result in the accumulation
of toxic substances in the environment. These environmental con-
taminants have many adverse effects on various systems including
the reproductive fitness that affects the birth and life of the child.
Toxic substances may modify the genome, transcripts, and
proteins expressed in the testis with their results specifically felt in
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spermatozoa (reviewed in [3]). For example, paternal habits such
as smoking can yield germ line mutations that accumulate and
are transmitted to the offspring [4]. In a similar manner, environ-
mental factors can induce epigenetic germ line changes that are
transmitted to the next generation [5]. On one hand, transgenera-
tional epigenetic inheritance may increase the competitiveness of
the offspring as it can provide a mechanism that allows them to
adapt to new environments to which the parents were exposed.
This is exemplified in the case of the transmission of the traumatic
olfactory response to the offspring as an innate defense mechanism
against predators [6]. On the other hand, changes in chromatin
state such as methylation or structure could transmit a predisposi-
tion to disease (reviewed in [7]). One must also be aware
and consider the potential epigenetic function of spermatozoal
RNAs [8] that perhaps influences transgenerational inheritance
(reviewed in [9]).

Spermatogenesis is a well-orchestrated hormonally regulated pro-
cess within the testicular compartment leading to the production of
mature spermatozoa from a spermatogonium. This is a tightly regu-
lated process mediated by a positive /negative feedback mechanism of
hormones secreted from the hypothalamo-hypophyseal-gonadal axis.
As summarized in Fig. 1, the hypothalamus releases gonadotropin-
releasing hormone (GnRH), which signals the hypophysis to release
gonadotropins. These include, Follicle-Stimulating Hormone (FSH)
and Luteinizing Hormone (LH) where LH signals the Leydig cells to
produce testosterone. In turn, high levels of testosterone provide
negative feedback to the hypothalamus and hypophysis leading to
the regulated release of GnRH and gonadotropins. FSH acts in a
synergistic manner with testosterone on Sertoli cells stimulating the
secretion of inhibin and the Androgen-Binding Protein (ABP). The
binding of testosterone to ABP ensures the appropriate local concen-
tration of testosterone guaranteeing that spermatogenesis completes.
Paradoxically, spermatogenesis requires FSH and a high level of
intracellular testosterone but the germinal cells are void of FSH and
testosterone receptors. This is circumvented by Sertoli cell tight junc-
tions (Fig. 1) where Sertoli cells release inhibin to provide negative
teedback for FSH. Endocrine disruptors, like phthalates (Table 1), can
upset the hypothalamo-hypophyseal axis as it suppresses Leydig cell as
well as Sertoli cell support.

The transgenerational influence of a father to the offspring’s
phenotype as a function of environmental exposure whether it be
changes in nutritional status or exposure to endocrine disruptors is
the subject of intense investigation ([5], reviewed in [10, 11]). For
example, nutrient intake and food composition may affect the
offspring’s development and phenotype. Although these effects
can be diverse, this is best illustrated by caloric restriction of the
male prior to mating altering the metabolism of the offspring [12].
These include altered lipid and cholesterol biosynthesis of offspring
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at hypothalamus, pituitary, a

nd testicular levels (e.g., heavy metals) or by positively or negatively affecting

hormonal feedback (e.g., pesticides). Certain chemicals affect the integrity of the Leydig and Sertoli cells (e.g.,

phthalates) and blood-testes
composition. Some chemica
platinum) and proteins (e.g.

barrier (e.g., cadmium chloride) leading to changes in testicular architecture and
Is alter the levels of sperm transcripts (e.g., bleomycin, etoposide, and cis-
, vinclozolin) and may affect fertility across generations. Understanding the
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derived from male mice raised on a low-protein diet [ 13 ] or reduced
glucose tolerance of offspring derived from males raised on a high-
fat diet [14]. Similar effects are observed in humans where an
increased risk for diabetes and cardiovascular diseases is linked to
overweight fathers and grandfathers [15]. The outcome can reflect
the time of exposure. For example, paternal exposure to DiButyl
Phthalate (DBP) alters the sex ratio of the offspring, delays female
sexual maturation, and degrades F1 sperm quality [16]. Further,
developing embryos exposed to endocrine disrupters can transge-
nerationally affect spermatogenesis [5]. Understanding the role of
epigenetics as a function of nutrition as well as endocrine disruptors
may provide insight into the mechanism of action of these sub-
stances providing markers for assessing fertility and rational treat-
ment options. Accordingly, the effect of various environmental



Table 1

Potential toxic substances affecting various cells in testis

Effect on the germ cell/

Chemical Target sperm function/fertility References
2-Methoxyethanol, Pachytene Death of the pachytene [135, 136]
spermatocyte spermatocyte
Methoxyacetic acid Pachytene Disrupts pachytene [116]
(MAA) spermatocyte spermatocytes
Dinitrobenzene Sertoli cell Death of the pachytene [116, 137, 138]
spermatocyte
Ethane dimethane Leydig cell Death of the pachytene [139]
sulfonate spermatocyte
Death of the spermatid
2,5-Hexanedione Sertoli cell Death of the pachytene [140]
spermatocyte
Round and elongating
spermatid-death
Mono-2-ethylhexyl Sertoli cell Development of the germ [141]
phthalate (MEHP)— cell lineage in humans
Cadmium chloride Blood-testis barrier [116]
Chromium(VT) Sertoli cells Disruption in germ cell [51, 142]
Testicular atrophy arrangement
Molybdenum Testicular architecture Sperm concentration and [45]
morphology
Mercury Hypothalamus Impair GnRH and [33, 34]
and pituitary gonadotropins release
Glyphosate Leydig cells Spermatogenesis and [77]
testosterone production
Reetha saponins Spermatozoa Spermicide [143]
and quinine
hydrochloride
(Azadirachta Indica)
Smoking Leydig cells Spermatogenesis [102,103]
and Sertoli cells
Sulfur mustard gas Germ cells Spermatogenesis, [144]
azoospermia
Methyl isocyanate Fetotoxic Affect testicular function [145]
Thallium Sertoli cells, Sperm cell development [58]
germ cells and function
Alcohol(Ethanol) Male fertility Hypogonadism, testicular [146]
atrophy, hypothalamo-
hypophyseal-gonadal axis,
Leydig and Sertoli cell
function, feminization
Pesticides HPG axis Disruption in endocrine [147]

function
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contaminants and associated testicular toxic effects are discussed
with respect to novel tests that are on the horizon to assess the
testicular damage.

2 Chemicals Affecting Male Fertility

2.1 Phthalates

2.2 Heavy Metals

Phthalates are widely used in many consumer products including
personal care, food wrappers, plastic containers, paints, floorings,
wall coverings, and medical equipment (reviewed in [17]). This
results in continuous and ubiquitous exposure. Phthalates, mainly
diester phthalates (DEHP) and DBP, are used in personal care
products and are known to have weak estrogenic [18] as well as
antiandrogenic activity but without androgen receptor binding.
They primarily interfere with key genes involved in cholesterol
transport and testosterone biosynthesis (reviewed in [19]).
DEHP is metabolized into primary (mono-2-ethylhexyl phthalate,
MEHP) and secondary metabolites and then excreted into the
urine. The percentage of the primary metabolite, MEHP, excreted
through urine inversely correlates with reproductive steroid hor-
mone levels [20-22].

The effect of phthalates on male reproduction is not well
understood. Phthalates primarily act as endocrine disruptors and
in males their effect has been termed the phthalates syndrome.
Metabolites such as monoethyl phthalate (MEP), MEHP, mono-
benzyl phthalate (MBzP), monobutyl phthalate (MBP), and
MEHP in urine are now being evaluated as biomarkers to assess
phthalate exposure (reviewed in [17, 20, 23]). In utero phthalate
exposure disrupts the formation of the male reproductive tract
presenting a host of affects. These include reduced anogenital
distance, cryptorchidism, reduction in fetal testosterone, abnor-
mally located Leydig cells, abnormal seminiferous cord formation
(reviewed in [24]), and reduced antioxidant enzyme levels in testes
[25]. Higher urinary concentrations of phthalate metabolites have
been observed in infertile couples undergoing assisted reproductive
techniques suggesting that the phthalates could aftect fertility [26].
Several studies have also shown the negative influence of phthalate
exposure in adults on seminal parameters (reviewed in [17, 27])
and sperm DNA fragmentation [28].

We are continuously exposed to heavy metals from various sources
such as contaminated air, water, soil, food, herbal medicines, and
consumer products (reviewed in [29]). Some of the heavy metals
reported to affect human health and male fertility are cadmium
(Cd), lead (Pb), molybdenum (Mb), chromium (Cr), mercury
(Hg), and arsenic (As) (reviewed in [30]). Industrialization
has been associated with an increased frequency of infertility mainly
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due to the release of these toxic heavy metals and their resulting
environmental contamination. They have been shown to affect
testicular function, semen quality, and fertility in both humans
[31] and animals [32] and can be considered a widespread cause
for concern. Heavy metals may affect neurotransmitter function
and impair the pulsatile release of GnRH from the hypothalamus
[33]. Apart from their action on the hypothalamus, certain heavy
metals, e.g., mercury, are stored in the pituitary and affect
the release of gonadotropins [34]. Heavy metals generate reactive
oxygen species and resulting oxidative stress leads to cell injury
(reviewed in [30]). Heavy metals also affect various endocrine
glands, including adrenal, and thyroid leading to impaired repro-
ductive function. These metals have a long half-life ranging
from 10 to 35 years (reviewed in [35]), and as such can have a
cumulative effect.

Cadmium toxicity usually occurs in areas with ground water
contaminated mainly from agriculture that relies on the use of
phosphate fertilizers. Tobacco is a prime accumulator and smoking
further increases the body burden. Cadmium toxicity induces sem-
iniferous tubule necrosis and interstitial testis edema ([36],
reviewed in [37]). Effects on spermatozoal motility, membrane
integrity as well as mitochondrial membrane integrity and DNA
damage impairing sperm function have been documented [32, 38,
39]. While cadmium toxicity may be more of a concern [32]
seminal plasma Pb at a concentration >10 pg/1 may have significant
effect on male reproduction [39]. This includes a reduction in
sperm concentration [40], motility [41], morphology [42], and
impaired chromatin condensation [43].

Molybdenum is reported to be toxic in certain areas in close
proximity to industrial effluents and chemical reagents [44, 45].
Molybdenum is an endocrine disruptor (reviewed in [46]) and its
concentration is inversely associated with circulating testosterone
[47]. Males appear more prone to molybdenum toxicity as com-
pared to females [48]. Molybdenum toxicity may lead to testicular
degeneration [44 ], reduced levels of testicular antioxidant enzymes
[49], reduced sperm concentration, and abnormal morphology
[45]. Fertilization with spermatozoa exposed to toxic levels of
molybdenum exhibits male-mediated embryo toxicity [44].

Apart from the above, chromium is also implicated in male
infertility. Chromium is found in all natural substances including
rocks, plants, soils, gases, as well as industrial waste. This element
potentiates insulin action affecting glucose, protein, and fat metab-
olism. It is also known to induce testicular atrophy and reduce
sperm concentration and motility [50, 51], though earlier studies
reported no adverse effect on semen parameters and spermatozoal
function [52]. Seminal plasma chromium has a significant toxic
effect on sperm production and motility [53, 54]. This is partly
attributed to its antagonistic effect on the level of seminal plasma
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zinc [51] as zinc is known for its role as an antioxidant. Zinc
deficiency leads to higher levels of oxidative damage to the testicu-
lar cells and associated infertility ([55], reviewed in [56]).

Thallium is used in a variety of consumer products including
cosmetic jewelry, optical lenses, the manufacture of cement, and semi-
conductors and is a by-product of the combustion of coal that can be
used as a rodenticide. Thallium salts are also used to treat syphilis,
gonorrhea, and ringworm as they can induce a potent systemic toxicity
by inhibiting glycolysis, Kreb’s cycle, and oxidative phosphorylation.
In males, chronic thallium toxicity affects Sertoli cell and germ cell
function [57, 58] but is also ovotoxic crossing the placental barrier
leading to fetal abnormalities and /or fetal death [59].

Spermatogonia and rapidly dividing differentiated mitotic cells are
the most sensitive to chemotherapy as compared to spermatocytes
undergoing meiotic division. In comparison, the spermatogonial
stem cells are of intermediate sensitivity [60]. Chemotherapy results
in either temporary or permanent azoospermia (the absence of
sperm) and this effect depends on the dose and duration of the
treatment (reviewed in [61, 62]). While high dose chemotherapy is
associated with irreversible germinal epithelial failure (reviewed in
[63]), Leydig cells appear to be resistant when patients are treated
by chemotherapy [64]. Nevertheless, the severity of chemotherapy
on Leydig cell function may depend on other factors like age and dose
of the drugs [64-66]. Chemotherapy-induced gonadal toxicity is
immediate but reversible in the adult male as compared to prepuber-
tal males (reviewed in [62]). For example, treatment of testicular
cancer with cisplatin and carboplatin regimens leads to a loss or
reduced spermatozoa concentration in semen of most men, with a
recovery to ~80 % normospermia by 5 years (reviewed in [63]).

X-ray and electromagnetic ionizing radiation can affect semen
quality concentration, motility, morphology, and DNA integrity
[67] in the patient undergoing treatment [68] as well as in the
occupational setting [69]. Spermatogonia are most susceptible to
ionizing radiation compared to spermatocytes and spermatids. Ley-
dig cell function is also affected in tumor patients treated with high-
dose radiation [70]. The severity of impact depends on various
factors of dose, duration, location of therapy, age of the individual,
systemic effect of the disease, endocrine disturbance, and autoim-
mune disorders (reviewed in [71, 72]).

Several pesticides and herbicides possess estrogenic and androgenic
activities that essentially impede reproductive function. Typically
they interact with their receptor to block the induction of expression
(reviewed in [73]). This typically has two effects, delayed puberty
and infertility [74, 75]. For example, glyphosate-based pesticides
are in routine use worldwide often used in conjunction with geneti-
cally modified plants grown for food and feed (reviewed in [76]).
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2.5 Lifestyle,
Nutrition, Alcohol,
and Smoking

They are major pollutants of rivers and surface water. Even at 1 ppm
they damage Leydig cells and testosterone production is compro-
mised [77]. At 36 ppm Sertoli cells are subject to oxidative stress
that defeats the antioxidant mechanisms and dysregulates cell sig-
naling. This leads to cell death [78], DNA damage, birth defects,
liver dysfunction, and cancer in variety of cell types ([77], reviewed
in [76]). Even with the above plethora of negative impacts, the
effect of glyphosate on reproductive function remains controversial
(reviewed in [79]). Similarly, alachlor [2-chloro-2’,6’-diethyl- N-
(methoxymethyl)-acetanilide], a herbicide commonly used in
agriculture is also an endocrine disruptor [80]. Men exposed to
alachlor are known to have lowered sperm motility [1] reflective of
apoptosis affecting sperm mitochondrial membrane integrity and
DNA integrity [81]. Germ line epigenetic changes in imprinted
genes expressed even in the F3 offspring have been observed when
pregnant dams were exposed to the agricultural pesticide at the time
of sex determination. Similarly, exposure of the pregnant dam to
pesticides can perturb the F1 sperm epigenome and that of the
Sertoli cell that by the F3 resolves as male infertility [11].

Nutrition regulates fertility at various levels, i.e., reproductive tract
development, gametogenesis, fertilization, and embryo develop-
ment that phenotypically resolves in the offspring. Foods rich in
anabolic steroids and xenobiotics may lower male fertility. For
example, beef raised on synthetic estrogen and anabolic steroids
or from infertile animals treated with steroids may have a harmful
effect on male fertility [82]. Mammalian spermatozoa contain high
levels of membrane-associated polyunsaturated fatty acids [83], to
maintain membrane fluidity and flexibility associated with sperm
motility. Diets with different sources of fat modify the lipid content
of the sperm head, midpiece, and tail membranes ultimately influ-
encing semen quality [84]. On one hand, consumption of dairy
foods rich in fat is known to reduce sperm concentration and
progressive forward sperm motility [85]. On the other hand, nutra-
ceuticals rich in #-3 fatty acids [8§6—88] and also those with certain
ratios of n-3 /n-6 fatty acids [ 89 ] are being considered as a means to
improve male fertility (reviewed in [90]). However their effect and
efficacy remains to be resolved.

Smoking and alcoholism are two important lifestyles variables
that affect the fertilizing ability of the gametes and embryo survival.
Chronic alcohol abuse can affect Sertoli cell mRNAs and protein
expression compromising function [91]. In turn this may lead to
testicular atrophy and reduced testosterone production and metab-
olism [92-94]. This reduces sperm concentration and impairs mor-
phology [92, 95] presenting as subfertility in humans. Paternal
alcohol abuse impairs enzyme function and may alter spermatozoal
RNAs with its initial effect felt during fetal development [94, 96,
97]. A transgenerational epigenetic effect is also likely.
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It has been estimated that 30-35 % of the men and women of
reproductive age are smokers in the United States [98]. Tobacco
smoking contains heavy metals like cadmium, lead, and thallium,
resulting in heavy metal toxicity [99, 100]. Though the effect of
smoking on male fertility was not convincingly demonstrated, vari-
ous studies suggest a possible negative effect of smoking on sperm
parameters [101] and fertility [102, 103]. Smoking induces sper-
matozoal DNA damage [104] that may induce embryo damage
[105]. Current efforts are now focused towards the changes in
spermatozoal mRNAs associated with smoking leading to infertility
[106] including spermatozoal miRNAs [107]. Such an effect may
be of epigenetic concern and could influence the phenotype of the
offspring [107, 108].

3 Methods

3.1 Assessment
of Testicular Toxicity

While the studies in animal models are well controlled the effects of
any toxic compound are typically assessed in humans from an epide-
miologic and retrospective perspective. Several noninvasive and inva-
sive techniques are in current use to assess the effect of various insults
on testes and male reproductive function (Table 2). Noninvasive
techniques including mating ratios, pregnancy ratios, pre- and post-
implantation loss, litter size, number of live and dead pups, sex ratio,
and offspring survival are tested after the exposure. While the non-
invasive methodologies can be very informative, the comparative
invasive techniques are primarily reserved for use in animal models,
as they can yield the mechanism that produces the infertility.

The study of testicular toxicity of different compounds in
animals allows one to determine the characteristics of exposure
such as dose-response, time course, stage specificity, target cells,
and mode of action. Several techniques are useful to assess out-
comes including changes in the weight of reproductive organs such
as testis, epididymis, and prostate. After toxic exposure, a variation
in the weight of male gonads could be indicative of a potential
adverse effect. On one hand, an increase in organ weight following
treatment would suggest an increase in fluid content in the tissue
due to, e.g., inflammation after exposure to the insecticide cyper-
methrin [109]. On the other hand, after cadmium exposure a
decrease in the weight of testis or epididymis is observed as sper-
matogenesis is blocked decreasing the production of spermatozoa
[110]. Another useful outcome is enzyme activity, including testic-
ular alkaline phosphatase, acid phosphatase, lactate dehydrogenase,
glucose-6-phosphate dehydrogenase, and various steroidogenic
enzymes. The activities of these enzymes echo various states of
spermatogenesis, including oxidative stress and testicular
steroidogenesis.

Histopathology is the gold standard of testicular toxicity as it
provides an exact description of the areas affected. This facilitates
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Table 2

Various approaches for evaluation of testicular toxicity

Markers/methods for assessing
testicular toxicity

Remarks

Reference

Inhibin B (serum or plasma)
Testosterone
Follicle-stimulating hormone
Luteinizing hormone

Sperm transcriptome/epigenome,/
metabolome /testis transcriptome

Tissue-specific circulatory miRNAs

Semen evaluation tests
Sperm morphology, concentration,
viability, sperm functional
membrane integrity tests

Testicular enzymes
Hyaluronidase, sorbitol
dehydrogenase, lactate
dehydrogenase isoenzyme-X

Serum marker levels

Widely employed®

b

[~

[~

[122]
[32, 149]

[152,153]

Germ cell markers in Interstitial fluid Diagnostic value. Presence of germ cell [154]
Phosphatidylethanolamine-binding marker in blood may be due to germ

protein

cell damage or blood-testes barrier

Androgen-regulated protein 2 damage

*Widely employed, ®Moderately employed and “Less employed based on the published literature on this aspect

identifying the primary target as well as possible pathways involved
during the course of exposure to a toxic substance(s) (reviewed in
[111]). One often overlooked consideration is the potential for
reversion of toxicity if the spermatogonial stem cell has not been
modified since spermatogenesis is a continuous cycle the length of
time of which is governed by the species [112]. In comparison, the
effect of reversal on Leydig or Sertoli and other support cells is less
obvious. Nevertheless, the notion that the effects of some toxins
could be reversed offers an interesting possibility towards develop-
ing reversible male contraceptives.

Though the research is being carried out in laboratory animals
to extrapolate the effect of environmental factors on spermatogen-
esis in human, its interpretation warrants caution as certain toxins
can have profound effect on the human reproduction as compared
to animals. This is best exemplified by ionizing radiation that has a
threefold increase in effect on human spermatogenesis as compared
to mouse [113].
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Exposure to toxic compounds when paired with our unhealthy
habits is not as well controlled as in animal models. Although
exposure to these compounds can be assessed by questionnaires,
new approaches allow the precise evaluation of the exposure using
urine or blood samples. For example, the presence of some primary
or secondary metabolites of phthalates in urine or the presence of
cotinine, a metabolite of nicotine, in serum can be used to assess the
exposure reflective of half-life. Consider dichlorodiphenylchlor-
octhane (DDE) that has a half-life of approximately 6 years as
compared to parent chemical DDT which has a half-life of 4
years. In such a case the proportion of the metabolite to parent
compound in the body fluids can be used to calculate the length of
the exposure (reviewed in [114]).

The analysis of hormones in plasma is useful to detect any
derangement of endocrine signaling fertility related pathways typified
by the effects of endocrine disruptors and thiols. Some like Bisphenol
A (BPA), dichlorodiphenyltrichloroethane (DDT), and PBC plastic
imitate estrogens whereas others such as the fungicide vinclozolin act
through the androgen receptor (reviewed in [24]). Other com-
pounds such as mercury mainly affect the hypothalamus and pituitary
impairing the release of GnRH and gonadotropins. The mimic action
of these exogenous components deregulates endocrine signaling
altering the levels of endogenous hormones typically detected in
plasma. Currently their effects are assessed as a function of seminal
parameters and circulating plasma levels of testosterone, LH, and
FSH. These parameters present several challenges that are com-
pounded by the high intra-individual variability in seminal para-
meters. Further, only severe and potentially irreversible injuries are
usually detected in the clinic by significantly altered hormone levels
like testosterone, FSH, LH, and Inhibin B [115]. Other small mole-
cules in plasma that could assess testicular damage include the pro-
teins ADAM3, Calpastatin, DAZL, FABP9, and VASA that are
specific to the seminiferous tubules bathed in interstitial fluid. How-
ever, unless the blood-testis barrier (BTB) is compromised it is
impossible to detect these proteins [116]. Accordingly, the use of
such biomarkers has limited potential to infer testicular response and
is best suited to compounds that compromise the BTB like cadmium.
Although the gold standard, assessing testicular damage using histo-
pathology is generally difficult to clinically deploy. There is reluctance
to biopsy since it typically yields small samples which may be not
representative of all cell types present in testis.

Several studies have correlated sperm parameters with different
environmental factors but have yielded conflicting results (reviewed
in [117]). This was likely due to multiple sources of variation
including age [118], geographic region [119], smoking status
(reviewed in [120]), and period of abstinence before collection
[121]. Together these results suggest that evaluation of semen
quality alone is not sufficient to establish the effects of environmen-
tal factors on male fertility.
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This emphasizes the need to develop new surrogates of exposure
that are easily accessible, reliable, and sensitive so as to provide an
early warning measure before irreversible damage occurs. These new
biomarkers can be divided into three classes, small molecules which
include hormones and single compounds, proteins and nucleic acids,
both RNA and DNA that are found in body fluids including saliva,
blood, and semen. The potential use of circulating miRNAs specific
from testes that could assess testicular damage is just being considered
but their utility is uncertain [115, 122].

It has been suggested that some environmental toxicants can
induce DNA damage in the sperm nuclear as well as the mitochon-
drial genomes ([123], reviewed in [37, 124]). Several tests are now
available to assess spermatozoal DNA damage. This is particularly
useful in cases of chemotherapy where damage is reflected by a
direct increase in sperm aneuploidies that can be identified by
FISH [125]. DNA methylation and sperm chromatin structure
analysis may also provide a clue of epigenetic changes induced by
environmental factors that could be transmitted to the offspring.

Spermatozoa retain a complex population of RNAs [9, 126]
that could be used to assess past events, like exposures and their
effect on spermatogenesis. Their use as markers of fertility status
has been suggested [127, 128]. Some evidence in animal models
suggests that the spermatozoal RNA profile is a better biomarker to
assess the impact of environmental factor on male fertility than
hormones or semen parameters tests [129].

An extended catalog of sperm proteins is available (reviewed in
[130]) that could also be used as biomarkers of testicular damage.
For example, exposure to endocrine disrupting chemicals affects
several proteins including malate dehydrogenase 2, aldehyde dehy-
drogenase, and A-kinase anchor protein 4 that are known to play a
crucial role in sperm fertilizing potential [131]. A decrease in
protamination along with an increase in histones retained in the
sperm head has been observed in rats given bleomycin, etoposide,
and czs-platinum [132]. Testicular toxicity is also observed upon
treatment with diethyl stilboesterol by downregulating thiore-
doxin-like-1 protein that leads to a cascade of events associated
with oxidative stress [133] impacting fertility. Like RNA, proteo-
mic approaches may be able to differentiate between subtypes of
infertile patients [ 134 ] which together may introduce a new class of
biomarkers of male toxicity.

4 Conclusion

Environmental exposures are ubiquitous arising from many sources
having both a direct and indirect impact through, e.g., contami-
nated feed, water, and air. For example, endocrine disrupters can
induce testicular damage by dysregulating hormone synthesis and
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secretion that also impacts antioxidant status, impacting testes
integrity, sperm structure, and composition. Various diagnostic
markers have been explored to identify the nature and extent of
exposure to toxic substances and their consequences on male fertil-
ity. For the moment invasive histopathology techniques provide the
best single characterization of the toxic response. This has limited
their routine clinical use highlighting the need for new biomarkers
to assess testicular damage before its chronification. The alteration
of different spermatozoal molecular signatures (DNA, RNA, and
proteins) resulting from exposure to toxic chemicals appears to be
on the horizon. The in-depth analysis of the molecular changes
undertaken by sperm will also permit us to clarify the mechanisms
of transgenerational epigenetic inheritance and its long-term
impact. Irrespective, and until this is understood, providing a
healthy environment and maintaining a similar lifestyle should be
prescribed as a means to maintain fertility in the present as well
preserve the health of future generations.
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Effects of Chemicals on Mammary Gland Development
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Abstract

The mammary gland is exceptionally a complex tissue. It is a sexually dimorphic organ in function, size,
response to hormone signaling, and cellular structure. Unlike most organs, the mammary gland has several
critical periods of growth and development after birth, and is only fully developed after a full-term preg-
nancy. Mammary gland development is dependent on complex endocrine signaling as well as paracrine and
autocrine signaling between the stroma and parenchyma cells. Even outside of the critical windows of
growth and development, the mammary gland is constantly changing with normal hormone fluctuations,
most notably during the estrous/menstrual cycle. It is particularly sensitive to endocrine disrupting chem-
icals (EDCs). An EDC can affect both females and males, resulting in abnormal mammary gland develop-
ment in adolescents. Later in life, EDCs can influence cancer outcomes. In adult females, alterations in
mammary gland development can result in lactational impairment. This chapter describes the stages of
development, the key hormone actions, and common EDCs and their effects on the mammary gland.

Keywords Endocrine disrupting chemicals, Gestational development, Hormones, Involution, Lacta-
tion, Mammary gland, Pregnancy, Puberty

1 Introduction

The mammary glands of both humans and rodents undergo four
phases of critical growth and development: gestational, postnatal,
puberty, and pregnancy followed by involution (Fig. 1). Little is
known about the mechanism of fetal breast formation in humans,
but in rodents mammary gland development involves communica-
tion between the epidermis and mesenchyme by various signaling
pathways [ 1-3]. Male and female rodents have morphologically dif-
ferent mammary glands in utero, while human mammary glands are
not sexually dimorphic until puberty. Male mice have a 2-day surge
of fetal androgens at embryonic day (E) 13.5-15.5 that causes apop-
tosis of the mammary epithelium and regression may eliminate the
mammary epithelium. In male rats, due to the androgen surge that
occurs around E17 the epithelial bud becomes separated from the
epidermis and no nipples are formed, but the rudimentary ductal tree
is intact. In humans there is evidence that maternal hormones play a
part in growth and development of the mammary glands of fetuses
and newborns. While not found in rodents, lobular structures have
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Fig. 1 Structure of the mammary gland during different life stages of the mouse, rat, and human. In this com-
parison of the rodent mammary gland and human breast over the life course, mouse and rat tissues are
magnified 1.8 times and human tissue is magnified 2.5 times (rat tissues at 4-6 weeks are less magnified than
mouse and human tissues at the same age). Source: Interagency Breast Cancer and Environmental Research
Coordinating Committee, Prioritizing Prevention, 2013. http:/www.niehs.nih.gov.prox.lib.ncsu.edu/about/boards/
ibcercc/
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been seen in newborn infants, and are transient structure that dis-
sipates weeks after birth.

Before the onset of puberty, isometric mammary gland growth
continues in both rodents and humans, independent of hormones.
Allometric, or exponential, mammary growth during puberty is de-
pendent on several hormones and paracrine signaling [4]. In rod-
ents, allometric growth is initiated by ovarian steroids. Estrogen and
the growth factors triggered by ER activation signal ductal elonga-
tion. Ductal branching and alveolar budding are signaled by proges-
terone [5, 6]. In humans, regulation of allometric growth is less clear.
Acini form on the terminal ducts and embed in intralobular stoma to
form terminal duct lobular units (TDLUs), which are the functional
units of the breast [7]. Both endocrine and paracrine signaling may
also stimulate mammary gland growth in humans, but specific eftects
are uncertain [6]. Male mammary glands in humans normally do not
develop further during puberty [7]. During pregnancy, in both hu-
mans and rodents there is an increase in the number of lobules and a
loss of fat in adipose cells of the mammary gland during pregnancy
and lactation [7]. Lactational involution of the mammary gland oc-
curs after weaning of the offspring. After weaning, the TDLUs de-
crease in number and size, but the ducts are not involved. During the
type of involution that occurs with aging (and not lactational), both
the TLDUs and the ducts are reduced in number and are replaced
with collagen and fat [7]. The mammary gland is one of the few truly
dynamic organs and undergoes many periods of proliferation and re-
modeling. For this reason, carcinogens and endocrine disruption chem-
icals (EDGs) are thought to target the mammary gland (Fig. 2). The
timing and length of these growth periods may vary across species and
may affect carcinogen susceptibility. Further investigation of the sus-
ceptibility of the mammary gland during periods of growth and devel-
opment is needed to understand lifelong breast cancer risk.

Breast cancer is the most commonly diagnosed cancer in women,
and after lung cancer, is the second most common fatal cancer of wo-
men [9]. In 2016, there was an estimated 246,660 new cases of in-
vasive breast cancer diagnosed in women in the USA, which equates
to about one in every eight women [10]. The peak age range for
diagnosis of breast cancer in women is 60-69 [11]. Between 2002 and
2003, there was a decrease in the breast cancer incidence rate of almost
7% due to reductions in use of hormonal replacement therapy in post-
menopausal women [10]. Between 2004 and 2013, breast cancer in-
cidence rates have remained stable in White, American Indian/Alas-
kan Native, and Hispanic women and slightly increased in Black and
Asian /Pacific Islander women (by 0.6% and 0.9% per year, respective-
ly) [9]. Deaths from breast cancer have decreased by 1.9% in White
women and 1.4% in Black women from 2003 to 2012 [10]. Breast
cancer in men is uncommon and accounts for about 1% of total breast
cancers [11]. In 2016, an estimated 2,600 men will be diagnosed with
invasive breast cancer in the USA [10]. Unlike breast cancer in women,
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Fig. 2 Stages of normal rat mammary gland (MG) development and effects of environment on subsequent
events. Effects of early life EDC exposures can lead to altered developmental programming in the breast and
have been reported neonatally, at puberty, and well into adulthood, when effects on lactation or mammary
tumorigenesis become evident. Arrows indicate plausible (black) or more certain (gray) mechanistic pathways.
Photomicrographs for early life and puberty were all taken at 16 x magnification; photomicrographs for
pregnancy/lactation and adulthood were taken at 10x magnification. Bars = 2 mm. Source: Rudel et al. [8]

male breast cancer incidence rates may be slowly rising [11]. Most diag-
noses of breast cancer, in both women and men, are without associated
breast cancer susceptibility gene mutations [11].

Known risk factors for women include family history, genetic va-
riants (BRCA1, BRCA2, TP53, PTEN, etc.), breast density, history of
benign breast disease, reproductive factors (increased lifetime expo-
sures to estrogen and progesterone and not having children), physi-
cal activity, alcohol consumption, radiation exposure, and adult body
mass [ 12]. Potential risk factors for men include family history, estro-
gen excess (medication, Klinefelter syndrome), genetic variants (similar
to those in women), occupational exposures to radiation, carcinogens,
and potentially volatile organic compounds [12]. Environmental and
lifestyle factors contribute to 70-95% of breast cancer risk [13]. Even
familial breast cancer risk is speculated to be the interaction between
lifestyle factors and common gene variations (that only add a small in-
crease in breast cancer risk) [10].

Exogenous chemical exposures (aryl aromatic amines, N-nitros-
amines, tobacco smoke, etc.) have had significant correlations with
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risk for breast cancer development in epidemiological studies around
the globe [12]. However, it is difficult to prove causation because the
disease is often diagnosed decades after environmental exposures and
humans are not exposed to one chemical. Even when causation may
be attributed to a particular environmental exposure, such as in rod-
ent model studies in a controlled environment, it is often compli-
cated to determine a mechanism by which it affects the mammary
tissue due to the complexity of the gland and its intricate signaling
pathways. There are windows of susceptibility in mammary gland de-
velopment, not common to other organs, when exogenous chemical
exposures could influence breast development and increase breast can-
cer risk [14].

2 Key Stages of Mammary Gland Development

2.1 Gestation

The hallmarks of human embryonic mammary gland development are
typically reported in weeks of gestation and have been extensively re-
viewed in the literature and are as follows [6, 15-22]. Female and
male breast development is indistinguishable throughout gestation.
There are variations on the exact time based on how the authors de-
fine the beginning of gestation (estimated time of conception, last
missed menstrual period, or length of the embryo). The first key stage
of mammary gland development begins as early as week 4 of gestation
with the development of the “milk line,” lines of thickening in the
ectoderm that reaches from the groin to the axilla on the ventrolateral
area of the embryo. The ectoderm is surrounded by a basement mem-
brane, separating it from the mesoderm. By week 8, the ectoderm
grows into the unevenly vascularized and specialized mesoderm and
continues to thicken to form a four to six cell wide bilateral ridge or
“mammary crest” in the thoracic region, and the rest of the milk line
starts to involute. The ridges continue to regresses and form one pair
of mammary placodes, which have a button-like appearance on the
surface of the ectoderm. Supernumerary nipples, however, may de-
velop at any location along the milk line. By week 12, the ectoderm-
al cells of a mammary placode continue to aggregate and form the
“breast bud.” The flask shaped breast bud is composed of two dis-
tinct cell populations, a central and a peripheral one. The mesoderm
surrounding the breast bud differentiates to form fibroblasts, smooth
muscle cells, capillary endothelial cells, and adipocytes. The ectoderm
grows inward and then the surrounding mesoderm proliferates to
create the nipples and areolae between weeks 12 and 16. The nipples
and areolae are composted of smooth muscle fibers oriented both
circularly and longitudinally. The breast bud does not change in ap-
pearance until week 20. Then the breast bud indents to form sec-
ondary buds and projections sprout from the secondary buds to form
15-25 secondary projections. The projections have a slender stalk
and club-like end that will grow through the mesenchymal into the
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2.2 Postnatal and
Prepubertal

2.3 Puberty

stroma. The secondary projections then begin to canalize via apopto-
sis to form primary lactiferous ducts by week 32. The cells lining the
lactiferous ducts are arranged in two layers, the luminal cells and myo-
epithelial cells. A mammary pit forms and the lactiferous ducts drain
into ampullae that open into the mammary pit. By birth, the areola is
formed and a varying amount of lobuloalveolar development of the
mammary gland may occur.

After birth, the mesoderm underneath the nipples proliferates, caus-
ing the nipples to evert [22]. Inverted nipples are a common pheno-
menon (up to 20% of women) in which the nipple fails to evert [23].
This is a benign clinical finding but may affect future breastfeeding in
females. Areolae pigmentation increases and the Montgomery tuber-
cles (coalesced sebaceous glands and lactiferous units that protect and
lubricate the nipples and areolae) can be seen on the surface of the
areolae [24]. In the first 2 years of life there is a variable amount of
lobular development found in both females and males. Both rudimen-
tary mammary ducts with club-like terminal ends and type 1 lobules
similar to those found in adults can be found in the infant breast. In-
volution of lobular development occurs by 2 years and then the mam-
mary gland remains relatively quiescent until puberty [22, 25]. Between
involution and puberty the breast grows isometrically and there are no
distinguishable differences between male and female mammary glands

[21].

Sexually dimorphic breast development occurs at the start of puber-
ty, due to the rise in sex hormones levels. There is a significant va-
riance in the onset of female breast development (thelarche) with a
normal range of 8.5-13 years [22]. Once thelarche has begun, the
female breast begins to grow exponentially as described macroscop-
ically by the Tanner stages. Stage 1 is the prepubertal breast. Stage
2 is the breast bud stage with elevation of breast and papilla and the
diameter of the areola enlarges. Stage 3 is further enlargement of
the breast and areola, without separation of the areola contour from
the surrounding breast. Stage 4 is when areola and papilla form a
secondary mound above the level of the breast. Stage 5 is the mature
stage and the areola returns to the general contour of the breast
[22, 26]. The average time spent between the onset of thelarche
(Tanner stage 2) and completion (Tanner stage 5) is 4—4% years,
with a considerable amount of normal variability [22]. In males, no
further development of the breast occurs due to increased testos-
terone concentrations [22].

The mammary gland epithelium and surround stroma undergo
extensive growth and differentiation. As the stroma expands with in-
creasing connective and fatty tissue, the mammary epithelium follows
with ductal elongation and branching [ 16]. The site of the elongation
and branching occurs at the terminal end buds (TEB), the proliferation
that occurs in TEBs are due to the population of resident mammary
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stem and progenitor cells [16, 21, 27-29]. The primary ducts give rise
to segmental ducts and to smaller subsegmental ducts. The subseg-
mental ducts lead to terminal ducts and acini [22]. The functional unit
of the breast is made up of acini from one terminal duct embedded in
the stroma and is referred to as a terminal duct lobular unit (TDLU).
Mammary gland epithelium proliferation increases and lobule type 1
form. [6] Each lobule type 1 is composed of about 11 alveolar buds
and is the predominate lobule in nulliparous women. Full differentia-
tion of the mammary gland does not occur without pregnancy. [30]
Lobule types 2 and 3 (containing on average of 47 and 81 alveolar
buds, respectively) are present in nulliparous women and gradually in-
crease with each menstrual cycle [16].

During pregnancy the breast increases in water, electrolyte, and fat
content. This increase in overall breast volume is accompanied by a
twofold increase in the vascular supply. Size and pigmentation of
the nipples increase and the Montgomery tubercles greatly enlarge
[31]. The mammary gland epithelium undergoes another round of
growth and differentiation, similar to that of puberty. Unlike dur-
ing puberty, the increase in the number of lobules is at the expense
of the surrounding stroma and fat. Proliferation of distal alveolar
buds transtorms type 1 lobules through type 3 lobules and contin-
ues in the formation of acini found in type 4 lobules. The secretory
alveoli not only increase in number, but also in size due to cyto-
plasm enlargement. The mammary gland epithelial architecture is
essentially settled by the first half of pregnancy. The continued growth
of the mammary gland in the second half of pregnancy is due to the
increased height of the epithelial cells and expansion of the lumen of
the acini becoming distended with secretory material [32]. During
lactation the TDLU are enlarged and the dilated lumens are filled
with milk. As long as the milk is regularly removed from the mam-
mary gland milk secretion will continue.

There are two periods of major mammary gland involution: post-
lactational and post-menopausal. Post-lactational involution occurs
after cessation of milk removal from the breast (weaning). After wean-
ing, milk production and synthesis stop quickly and the first phase of
involution involved apoptosis and regression of the epithelial and strom-
al tissues of the breast. Phase I is reversible and lactation can be restarted
by removal of the milk from the breast. Phase II is irreversible and is
characterized by luminal cell loss, stromal remodeling, and a regenera-
tion of the connective tissue [33]. Once post-lactational involution has
completed the mammary gland has regressed back to its resting state.
However, the parous gland has considerably more glandular tissue,
primarily comprised of lobule type 2 and 3 units, than the nullipa-
rous gland. More PRA is expressed in parous women compared to
nulliparous women, with no significant difference in ERa or PRB

[34].
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Post-menopausal involution begins after the fourth decade of
life. Lobule type 2 and 3 TDLUs gradually regress to lobule type 1.
After menopause this regression is substantially increased and the
percentage of lobule type 1 present in the breast is equal between
post-menopausal parous and nulliparous women. Although both par-
ous and nulliparous women have predominantly type 1 lobules, par-
ous women have increased intralobular hyalinization and decreased
cellular proliferation compared to nulliparous women [35].

3 Hormone Actions in Mammary Gland Development

3.1 Gestation

During gestation mammary gland development is largely sex hor-
mone independent. The known signaling events of embryonic mam-
mary gland development from the formation of the milk line to the
rudimentary ductal tree present at birth have been described primarily
in rodents. Some of the signaling molecules and pathways mediating
the developmental progression of the mammary gland during embry-
ogenesis include Wnt/p-catenin, Lef/Tcf, MSX1,/MSX2, PTHrP,
keratinocyte growth factor, neuregulin, activins, and inhibins [2, 18,
32, 36, 37]. These signaling molecules are found either in the epithe-
lium, the mesenchyme or both and thus may mediate endocrine, pa-
racrine and/or autocrine influences on mammary epithelial growth.
The canonical Wnt signaling pathway and the fibroblast growth factor
(fgf) signaling pathway activate TBX3 expression and result in the for-
mation of the milk line. TBX3 expression induces the expression of
specific Wnts and fgfs that act in an autocrine fashion and lead to the
formation of the mammary placodes [2]. Wnt and the subsequent
stabilization of p-catenin enter the nucleus together with Tcf/Lef to
directly promote transcription, possibly by modulating cell adhesion
and promoting cell migration in the mammary placode [36, 38, 39].
The mammary bud then forms due to a number of signaling pathways
within either the epithelial or mesenchymal cells including
PTHrP, Wnt, and IGF1 and transcription factors Msx1/Msx2 [2].
Msx1/Msx2 are necessary, but redundant, in the formation of the
mammary buds. PTHrP is produced by the breast bud and will
trigger adjacent mesenchymal cells to acquire a specialized mammary
fate and to develop the nipple and areola [2]. PTHrP is androgen-
regulated and in rodents, an androgen surge during embryogenesis will
inhibit the formation of nipples/areolae in male rodents. The mam-
mary gland continues to develop to form a rudimentary ductal tree.
PTHrP, BMP, and Wnt trigger and /or sustain ductal outgrowth from
the mammary buds [36]. The hormone receptors involved in mam-
mary gland development and differentiation during puberty includ-
ing estrogen receptors (ER) a and P, progesterone receptors,
prolactin receptors, and growth hormone (GH) receptors are
not necessary during gestational development of the mammary

gland [2, 36].
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At birth, maternally derived prolactin level can be high enough in
the newborn that the mammary glands to produce colostrum. As
the maternally derived prolactin in the newborn diminishes, the mam-
mary gland regresses and production of colostrum ceases. [6] The
mammary gland will remain quiescent until the onset of puberty. Trans-
forming growth factors (o and f), tenascin-C and collagen type 4
found in the epithelium, and the surrounding stroma might play
important role in differentiation and growth in early human breast
development. TGFp in the infant breasts might play an important
role in inhibiting the epithelial proliferation at specific sites [40]. The
epithelial growth factor (EGF) receptor (EGFR) has been identified
as a mediator of epithelial-stromal interactions and EGF or its rela-
tives play a role during isometric growth of the rudimentary mam-
mary. Other pathways believed to be involved in isometric growth of
the mammary gland include ERa, ERBB2, insulin like growth fac-
tor-1 (IGF) prolactin, and growth hormone.

At the onset of thelarche changes in the pulses of gonadotropin-
releasing hormone from the hypothalamus leads to increasing levels
of circulating sex hormones, estradiol, androstenedione, androster-
one, and gonadotropins [ 15]. Both males and females have increas-
ing levels of estrogens and androgens during puberty. Mammary
development is typically completely suppressed in males by the elev-
ated ratio of androgens to estrogens. For mammary gland prolifer-
ation the hormones estrogen, progesterone, and prolactin or growth
hormone are essential for normal development. [6, 41] It is possib-
le that estrogen also cooperates with LH and FSH to effect normal
breast development Ductal elongation in the female mammary gland
is primarily influenced by estrogens, GH, and IGF-1. In the rat, es-
tradiol cannot stimulate TEBs formation in the absence of GH or
IGF-1, while GH or IGF-I can only be partially stimulatory in the ab-
sence of estradiol [42]. Epithelial proliferation in the TEBs is almost
responsible for ductal outgrowth and relies on the presence of ERa.
Stromal interactions with estrogens do not play an essential role in
epithelial proliferation and ductal outgrowth. ERa expression in the
mammary epithelium is heterogeneous and estrogens act on the ERa
positive epithelial cells causing them to release paracrine signals that al-
low ERa negative epithelial cells to proliferate. In response to increased
levels of estradiol the ERa positive epithelial cells release amphiregulin,
an EGFR ligand, resulting in the formation of TEBs, proliferation in
surrounding ERa negative epithelial cells and ductal outgrowth [43,
441]. Mice lacking members of the TGFp family, activins and inhibins
fail to undergo ductal elongation during puberty [18, 37].
Progesterone is able to induce proliferation both directly on pro-
gesterone receptor (PR) positive cells via cyclin D1 signaling pathway
and indirectly on PR negative cells through the paracrine mediator am-
phiregulin [1, 45]. Like estrogen, progesterone is able to activate TEB
formation during puberty. Progesterone is essential for side branching
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and alveologenesis of the mammary gland. Receptor activator of NF-xB
ligand (RANKL) is a downstream effector of progesterone in the mam-
mary gland and is responsible for progesterone-induced side branching
and alveolar budding [46]. Wnt4 is a downstream target of proges-
terone and activates proliferation target genes [45, 47]. Progester-
one targets such as RANKL, Wnt4, and amphiregulin that have been
characterized as paracrine mediators in the rodent mammary gland
were present in human mammary epithelial subpopulations but not
upregulated in vitro [45].

Allometric mammary gland development is largely dependent on
growth hormone [48]. Paracrine signaling of IGF-1 activated the
GHR to produce GH. GHR knockout mice have delayed ductal out-
growth [41]. Information concerning the contribution of growth
hormone, IGF, and prolactin to allometric mammary development
in girls is lacking, although it is clear that serum levels of these hor-
mones increase in girls during puberty and may therefore contribute
to aspects of TDLU development. LEF-1, hepatocyte growth factor,
keratin growth factor, and neuregulin are produced by the mesen-
chyme. Studies have shown that transforming growth factor f (TGEp)
plays a role in impeding proliferation of ER /PR positive cells [49].
Vitamin D receptor serves as a negative growth regulator by suppres-
sion of branching morphogenesis during puberty [32].

During the menstruation cycle, epithelial proliferation increases.
Proliferation of epithelial cells in the breast correlates with serum pro-
gesterone levels during the menstrual cycle and is maximal during
the luteal phase, peaking at days 23-25. This increase in proliferation
also coincides with a peak in estradiol [50]. Despite the clear effect of
progesterone, this increased proliferation appears to be due, at least in
part, to estradiol. Antiestrogenic and antiproliferative effects of pro-
gesterone on breast mammary epithelial cells have also been documen-
ted, indicating that a delicate balance of estradiol and progesterone
directs normal breast development. Based on studies in other species,
factors such as IGF and EGF family members, HGF /SF, and various
fibroblast growth factors may also be involved with mammary gland
development post-puberty [6].

During pregnancy the mammary gland undergoes ductal morpho-
genesis, alveolar development, and secretory differentiation in prepara-
tion for lactation after parturition. The primary hormones necessary
are estrogen, progesterone, prolactin, growth hormone, glucocorti-
coids, and insulin [27]. Precise hormonal control is not fully known.
Estrogen and growth hormone are necessary for ductal morphogen-
esis. Alveolar development and secretory differentiation require the
addition of progesterone and prolactin [51]. During this time genes
involved in milk synthesis activate and lactose is excreted at levels pos-
itively correlated with increased prolactin levels. Elevated progester-
one upregulates TGFp expression and prevents the active secretion
of milk [49]. In many mammals progesterone levels decrease to both
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induce partition and begin active secretion of milk. In humans, the
placenta is responsible for progesterone synthesis and active secretion
does not begin until full removal of the placenta [27].

With the inhibitory effects of progesterone and estrogen de-
creased, prolactin can induce active secretion to begin, which is
about 30—40 h after partition. Four to five days after partition the
epithelial cells have fully differentiated to mammary secretory epi-
thelial cells or lactocytes and galactopoiesis, the maintenance of lac-
tation begins. Prolactin and growth hormone are essential for the
lactation of the mammary gland [52]. In some species of animals,
growth hormone is primarily responsible for lactation but in hu-
mans and rodents the influence of prolactin that dominates over
lactation. Galactopoietic hormones are not enough to maintain lac-
tation, the continue removal of milk is also necessary. Stimulation
of the mammary gland /nipple releases oxytocin from the posterior
pituitary and mediates contraction of the smooth muscle found in
the myoepithelium surrounding the alveoli of the mammary gland.
Contraction of the myoepithelium expels the milk from the lumen
of the alveoli into the ducts and out of the gland and allows for
continued lactation [27, 31 ]. Autocrine signaling by a secreted milk
protein called feedback inhibitor of lactation also influences milk
production. As milk fills the lumen the concentration of feedback
inhibitor of lactation increases and it binds to lactocytes inhibiting
milk protein trafficking through the Golgi apparatus and milk pro-
duction decreases. As the mammary gland empties and there is less
feedback inhibitor of lactation and milk production increases [53].

The hormonal control of involution has been extensively studied in
the rodent mammary gland due to its importance in the cancer bio-
logy field. The first phase of involution begins with the decrease in
prolactin, growth hormone, and epidermal growth factor signaling
and an increase in leukemia inhibitory factor. Decreased prolactin ac-
tivates insulin like growth factor binding protein 5 (IGFBP5) which
sequesters IGF and decreases signaling through P-13K resulting in
decreased Akt activity and decreased survival signaling [54-56]. Re-
duced growth hormone signaling also results in decreased IGF levels.
Reduction in prolactin, growth hormone, and EGF all result in low-
ered STATS5 expression and decreased proliferation of the mammary
gland [57]. As STATS5 decreases, STAT3 increases due to increased
expression of leukemia inhibitory factor [55, 58]. Increased STAT3
induces p50a, p55a, SOCS-3 c-myc, and c¢/ebpd to increase pro-
apoptotic signals [55, 56]. Increased STAT3 and NF-«B increase in-
flammation signaling to recruit macrophages. During involution
CYP27B1 increases resulting in local conversion of 25-hydroxy-
cholecalciferol to la,25-Dihydroxycholecalciferol, which binds to
the VDR to directly increase pro-apoptotic signaling, including Cas-
pase8 by increased TNFa signaling [59, 60].
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The second phase of involution occurs up to several days after
the first phase and is similar to a wound healing. Multiple tissue
types are critical for coordinated degradation of the extracellular
matrix and extensive remodeling of the mammary lobules. MMP
activation leads to the remodel of the extracellular matrix and stro-
ma. MMPs are not activated the first 3 days of involution when
TIMP expression is high. As involution progresses, TIMP levels fall
and MMPs activate [56, 58]. Increased IGFBP5 inhibits PAI-1
activity which in turn activates t-PA and u-PA to activated plasmin-
ogen to plasmin to degrade the basement membrane [61]. Macro-
phages switch from the pro-inflammatory to an alternatively activated
state, often found in other regenerating tissues [62].

4 Chemicals Affecting Mammary Gland Development

4.1 Ethinyl Estradiol

4.2 Diethylstilbestrol

Ethinyl estradiol (EE) is a synthetic, steroidal estrogen used in most
oral contraceptives because of its significantly greater oral bioavailabil-
ity relative to estradiol. EE is also used in contraceptives administered
vaginally and transdermally. Currently marketed formulations gener-
ally contain between 20 and 35 pg of EE (NTP, 2010). EE has been
used for hormone replacement therapy (HRT) at doses between 10
and 50 pg.

EE has been shown to alter mammary gland development in
male and female rats after gestational and lactational exposure. Pre-
pubertal development of mammary glands in males and females pro-
gressed faster with EE treatment. Females had increased branching
and budding and males had an increased number of TEBs [63]. EE
exposure during gestation increased mammary cancer risk in several
generations of rat offspring due to epigenetic alterations in the mam-
mary gland [64 ]. The majority of epidemiological studies suggest that
there is not a significant increased risk of developing breast cancer
from the use of oral contraceptives. Some studies suggest that there
is an increased risk of developing breast cancer as the duration of con-
traceptive use before the first full-term pregnancy increases, and when
the start of contraceptives is at a younger age (20-34 years) [65]. In
utero exposure to EE resulted in an increased resistance to tamoxifen
treatment by induced mammary tumors compared to controls. Resis-
tance to tamoxifen due to in utero exposure to EE may be mediated
through reversible epigenetic alterations [66]. HRT is either a com-
bination of estrogen and progestin or estrogen alone. Estrogen and
progestin together have been shown to increase the risk of breast can-
cer and once HRT is stopped, there is an immediate decrease in risk.
Estrogen alone is not linked to a higher risk of breast cancer [67].

Diethylstilbestrol (DES) was the first synthetic nonsteroidal estro-
gen. The trans-isomer is used for commercial purposes and is stable
in the environment [68]. It was widely prescribed in the USA from



4.3 Genistein

Effects of Chemicals on Mammary Gland Development 217

the early 1940s until 1971, to prevent miscarriages and premature
deliveries. Other uses included treatment of symptoms arising from
menopause, senile vaginitis, postcoital, emergency contraceptive, pro-
state, and breast cancer [69]. Up to 10 million people in the USA
received DES or were exposed in utero between 1940 and 1970. DES
is an endocrine disrupting compound, a transplacental carcinogen,
and a teratogen able to induce developmental defects. DES is classi-
fied as a carcinogen by the US EPA, NTP, and IARC and is no longer
commercially available in the USA [69].

Women, who were prescribed DES during pregnancy, had an
increase in the risk of invasive breast cancer [69]. The daughters of
women who took DES during pregnancy had an increased risk of
developing clear cell adenocarcinoma of the vagina and cervix [69].
DES exposure in utero also increases the breast cancer risk for wo-
men at 40 years of age or older [70].There is a positive association
between men exposed to DES in utero and an increased risk of tes-
ticular cancer. DES is also known to affect endocrine sensitive tissues
and may have hereditary effects due to DNA modifications [71].

In rodent studies, neonatal exposure to DES exerts long lasting
effects on the mammary gland. Mice given 50 pg of neonatal DES
had dilatation of the mammary ducts and precocious lactogenesis
[72]. DES exposure has caused mammary gland cancer both (benign
and malignant) in rodents when treated at adults. The mammary gland
has a distinct biphasic response to DES exposure in both female and
male mice. DES at lower concentrations stimulated mammary growth,
but higher concentrations inhibited mammary gland development in
male and female mice [72].

Genistein is a naturally occurring isoflavone, part of a group of es-
trogenic plant-based compounds called phytoestrogens. Genistein
is one of the most abundant and bioactive compounds in soy. Most
human exposure comes from the consumption of food, infant for-
mulas, and/or dietary supplements made with soybeans and soy
protein [73]. Soy-based infant formula is of special concern due the
fact that infants fed soy formula were demonstrated to have plasma
isoflavone blood levels exceeding those of Japanese adults several-
fold and due to the potentially sensitive window of exposure [ 74 ]. Gen-
istein has also been found in breast milk and can cross the placenta.
Both beneficial and adverse effects have been reported due to
genistein exposure [75]. The timing and the dose of genistein may
be indicative of whether a protective or adverse effect occurs. Peri-
natal and prepubertal genistein exposure in female rats has been
shown to reduce the risk of developing carcinogen-induced mam-
mary tumors [76, 77]. Potential modes of action include increasing
differentiation of the mammary epithelium or by upregulating the
tumor suppressing gene BRCA1 in the mammary gland [78-80]. A
reduction of TEBs reduces the sites of susceptibility to carcinogens. Pre-
natal genistein exposure increased the number of TEBs and induced
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ductal hyperplasias in rats and mice [§1-83]. Male rat mammary glands
are more sensitive to endocrine disruption by genistein [81]. In a multi-
generational genistein and ethinyl estradiol studies male rats developed
mammary gland hyperplasia, but not feminization [84]. In cancer bio-
assays, some or equivocal evidence were found of carcinogenic activity
in female rats [73]. Epidemiology studies on adolescent exposure to
soy products in the diet align with the animal studies, soy compo-
nents provide protection against breast cancer later in life. Gestational
genistein exposure and breast cancer risk have not been evaluated [75].

Bisphenol A (BPA) is a synthetic organic compound used primarily
in the production of plastics and epoxy resins. BPA is one of the
highest volume chemicals produced. In 2011, worldwide produc-
tion was estimated at 10 billion pounds [85]. Many consumer pro-
ducts contain BPA, such as polycarbonate bottles, the lining in metal
food and drink cans, dental sealants, and receipt paper. BPA has a short
half-life in adults (5.3 h in humans and 90 min in rats) but exposure
may be consistent due to the many different sources of exposure many
people experience [86]. Humans are primarily exposed to BPA through
the diet, though inhalation of dust or skin exposure through water is
possible. Infants and children typically have the highest intake of BPA
(excluding occupational exposure) due to eating more comparability by
weight and spending more time on the floor compared to adult [87].

BPA is a weakly estrogenic chemical and can cause endocrine
disruption. BPA can bind to both ERa and f. In rodent studies, low
dose, prenatal exposure to BPA, administered via subcutaneous mini-
pump, caused changes in the mammary gland that may indicate an
increased susceptibility to develop mammary gland tumors [87]. Some
of the changes in the mammary gland found in these studies include an
altered rate of maturation, increased ductal growth, formation of intra-
ductal hyperplasia (beaded ducts), and increased early TEB formation
[88-91]. Suggesting prenatal BPA effects breast tissue maturation that
may lead to a predisposition to disease onset later in life. No human
study has examined BPA exposure in early life and adult breast cancer
risk. Based on the current data there is a minimal concern for the pre-
and peri-natal low dose effects on BPA on the mammary gland [13,
92-95].

The NTP has determined that there is minimal concern for the
effects of BPA exposure on the mammary gland for females in fe-
tuses, infants, and children [95]. Despite current perspective of the
FDA and European Food Safety Authority (EFSA) that BPA is safe
at the current levels occurring in foods [96-98], BPA is being vol-
untarily withdrawn from many consumer products due to pressure
from the consumers. The US EPA and EFSA set the reference dose /
tolerable daily intake at 50 and 4 pg/kg, respectively [96, 97]. A
growing concern is the safety of “BPA-free” alternatives currently
used to replace BPA, such as Bisphenol S.
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Triclosan (TCS) is an antibacterial and antifungal agent found in
consumer products, including toothpaste, soaps, detergents, toys,
and surgical cleaning treatments. Human exposure to triclosan oc-
curs primarily through use of personal care products, such as tooth-
pastes, deodorants, and soaps [99].

TSC is marketed under a variety of trademarked names includ-
ing Microban, Irgasan DP-300, Lexol 300, Ster-Zac, Cloxifeno-
lum, Biofresh, and others its annual usage in 2005 was estimated to
be over 300 tons in the USA and over 350 tons in Europe [100].
TCS does not persist in the body following absorptions as free TSC
and its conjugates are rapidly eliminated within 24 h [101].

Concerns for the possible effects on human health have been
growing over the past decade following the detection of TSC in
human plasma, milk, and urine with levels of TCS in the blood cor-
relating with consumer use patterns of the antimicrobial. TSC was
found in breast milk samples, in the bile of fish exposed to munici-
pal wastewater and in wild living fish from the receiving waters of
the three wastewater treatment plants in Sweden [102]. Likewise,
TCS was also detected in the urine of the US population [103].
Plasma concentration was observed to be higher than in milk in moth-
ers exposed to consumer products containing TSC, indicating that in-
fant exposure to triclosan via breast milk is much less than the dose in
the mother [104].

Studies in various species provide strong evidence that TSC is an
endocrine disruptor. TCS alters serum thyroid hormone and testos-
terone concentrations in male rats [105]. It is reported here that tri-
closan possesses intrinsic estrogenic and androgenic activity in a range
of assays in vitro [ 106]. Moreover, TCS affects estrogen-mediated re-
sponse in the pubertal and weanling female rat and also suppressed
thyroid hormone [107].

The established role of estrogen in the development and pro-
gression of breast cancer raises questions concerning a potential con-
tribution from the many chemicals in the environment which can
enter the human breast and which have estrogenic activity. TSC pos-
sess estrogen-mimicking properties and has been measured in human
breast adipose tissue and in human milk. This raises concerns regard-
ing its association with various health outcomes, including breast can-
cer development [108]. Since human studies are lacking, the need for
epidemiologic studies of risk associated with various concentrations and
durations of exposure to TSC has been suggested, as well as studies to
characterize human exposure to the varying use of triclosan-containing
consumer products and other routes of exposure [109].

Due to concerns that TSC (liquid soaps) and triclocarban (bar
soaps) could pose health risks, such as bacterial resistance or hor-
monal effects, the US FDA has issued a proposed rule that requires
manufacturers of antibacterial hand soaps and body washes to de-
monstrate that their products are safe for long-term daily use and
more effective than plain soap and water in preventing illness and



220 Adam J. Filgo and Ali S. Faqi

4.6 Vinclozolin

the spread of certain infections [110]. This proposed rule does not
affect hand sanitizers, wipes, or antibacterial products used in health
care settings. Just few months ago and exactly in September, 2016,
the US FDA has issued a final rule establishing that over-the-counter
(OTC) consumer antiseptic wash products containing the most com-
monly used ingredients, triclosan and triclocarban can no longer be
marketed [111] based on some data suggesting that antibacterial in-
gredients may do more harm than good over the long-term.

Vinclozolin is a dicarboximide pesticide that is used for the control of
several species of fungi in vines (such as grapes), strawberries, veg-
etables, fruit, and ornamentals. Exposure of vinclozolin to human
comes mainly from the consumption of residual contamination in
foods and drinking water. The compound is a lipophilic chemical cap-
able of bioaccumulating in fat tissues [112].

There is evidence that vinclozolin binds fairly weakly to the andro-
gen receptor but that at least two vinclozolin metabolites occurring
in mammals, plants, and soil are responsible for much of the anti-
androgenic activity attributable to vinclozolin [113, 114]. Two ac-
tive metabolites of vinclozolin, M1 and M2, were found to compete
with natural androgens, an effect that blocks androgen-induced gene
expression in vivo and in vitro following observation that low-level
exposure to these metabolites may be associated with reproductive
toxicity of vinclozolin, namely nipple retention, reduced ano-genital
distance (AGD), and reduced seminal vesicle and ventral prostate
weights [113, 115, 116]. Female mice with the androgen receptor
knocked out have impaired mammary ductal growth in postnatal life
including altered ductal elongation [117].

Moreover, there is growing evidence identified between EDCs
altering the epigenomic landscape in cancers, including breast, and
common diseases like cardiovascular, pulmonary, or neurodegener-
ative disorders [118]. In such cases, early life epigenetic program-
ming and also those encountered during adult life are believed to be
largely contributing factors to overall progression of disease states.

Exposure of gestating females to environmental factors or tox-
icants during the period of gonadal sex determination can alter epi-
genetic transgenerational inheritance. Transient exposure of gestating
inbred and CD1 outbred mice on GD 7-13 to vinclozolin induced
transgenerational disease in the outbred CD-1 strain, but not the in-
bred strain [ 119]. Likewise vinclozolin has been shown to promote an
epigenetic alteration in the male rat germ line that appears to transmit
a transgenerational disease state [ 120]. Analysis of the F3 generation
sperm epigenome identified differential DNA methylation regions
[119, 121]. Although vinclozolin is not classified as mammary car-
cinogen in human, but it was found to induce a low incidence of mam-
mary tumors in female offspring following a multigenerational study in
rats [ 121] and disrupts mammary gland development, where epithelial
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branching and terminal end buds (TEBs) are increased compared with
controls [122, 123].

This suggests a potential epigenetic etiology and molecular basis
of'adult-onset disease. The development of environmental epigenetic
biomarkers may be more suitable for the prediction of future disease
risk, including that for breast cancer [124, 125].

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a persistent poly-
chlorinated dibenzodioxin side product primarily in organic syn-
thesis and burning of organic materials. Although it has never been
produced commerecially it is formed as a side product when produc-
ing certain herbicides, most famously in Agent Orange. Ingestion
of contaminated food is the primary source of dioxin exposure and
can accumulate in fatty tissues. Exposed mothers can transfer TCDD
both to the fetus in utero and to the infant via the breast milk [126].

In countries with less pollution and stricter emission standards
in effect, the body burden in people is approximately 2 ppt. In many
developing nations the body burdens can be significantly higher.
TCDD is chemically stable and not readily metabolized in most spe-
cies and thus exhibits a significant degree of bioaccumulation and
environmental persistence [127].

TCDD is the most potent aryl hydrocarbon receptor (AhR) ago-
nist. When bound to TCDD, AhR disassociates with chaperon pro-
teins and dimerizes with AhR nuclear translocator (ARNT). AhR/
ARNT is transported to the nucleus where AhR induces gene tran-
scription of a variety of pleiotropic proteins [128]. TCDD exhibits a
broad spectrum of antiestrogenic responses through AhR activation.
ER in the mammary gland is downregulated [129]. In animal stud-
ies, TCDD administered during critical windows of susceptibility af-
fects mammary gland development in both males and females. When
exposed prenatally, developmental delays were seen starting at birth
and persisted through to adulthood [130]. After gestational and lac-
tation exposure the mammary glands shortly after parturition have
reduced primary branches, decreased elongation, and fewer alveolar
buds and lateral branching [131]. During puberty, the gestational ex-
posed animals have delayed mammary gland development with stunted
progression of the epithelium and delayed TEB differentiation. At early
adulthood, TCDD-exposed glands had many undifferentiated ducts,
fewer branches and in females, often failed to full the fat pad. TCDD
also severely impairs mammary gland differentiation when mice were
exposed during pregnancy, resulting in stunted growth, poor lobuloal-
veolar differentiation, and suppressed whey acidic protein expression in
the lactating mammary gland [132, 133].

TCDD is a known multisite human carcinogen [134]. In rats,
prenatal TCDD exposure increased susceptibility to chemically in-
duced mammary adenocarcinomas. Epidemiology studies have de-
monstrated that serum levels of TCDD are positively associated with
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4.8 Cadmium

4.9
Perfluorooctanoic Acid

a delay in breast development and an increased breast cancer risk
[135, 136].

Cadmium (Cd) is a ubiquitous environmental pollutant, widely dis-
persed through industrial emission, waste incineration, and combustion
of fossil fuels. The variety of sources of exposure includes occupational
exposure from mines, metal smelters, and other industries which use
Cd compounds. The most common means of exposure is from smok-
ing tobacco and exposure to second hand smoke. All forms of tobacco
contain high levels of Cd. The main sources of dietary cadmium ex-
posure are bread and other cereals, potatoes, root crops, and vegetables
[137]. Cd accumulates in the body, primarily in the liver and kidneys.
The estimated total body burden is 9.5—40 mg in the USA and Europe
[138].

Cd is a known human carcinogen. High levels of Cd in the urine
has been linked to an increased risk of developing breast cancer in
women. Cd is an EDC and has been shown to mimic the effects of
estrogen, by binding to ERa [139]. Cd induced gene expression si-
milar to estradiol-induced gene expression in in vitro human mam-
mary epithelial cells and promoted both uterine and mammary gland
growth in vivo rodent models [139, 140]. In utero exposure in-
creased both the number of TEBs and pre-neoplastic lesions in rats
later in life [141]. Whereas, in prepuberal mice, Cd exposure dis-
turbed mammary ductal growth and reduced the number of TEBs.
In adult mice, Cd again mimicked estrogen by increasing lobuloal-
veolar development and ductal branching. In the lactating mammary
gland in mice, Cd exposure increased the fat content in the mam-
mary gland, condensing the appearance of the alveoli, decreased f-
casein gene expression, and reduced levels of calcium in the mam-
mary glands [142]. These effects on lactation may impair the devel-
opment of offspring. Several epidemiological studies suggest a link
between occupational exposure to Cd and an increased risk of breast
cancer [143, 144].

Perfluorooctanoic acid (PFOA) is an eight-carbon perfluoroalkyl
acid, a member of a group of chemicals called perfluoroalkyl and
polyfluoroalkyl substances (PEAS). It is produced both syntheti-
cally and through the degradation of other PFAS. PFOA is com-
monly used as a water and oil repellent for fabric coatings, in food
storage containers, lubricants, and fire extinguishing foams [145].
Although PFOA production is being phased out in the USA, it is
persistent in the environment. PFOA has a long half-live in humans,
between 3.8 and 4.4 years, and is found ubiquitously in human se-
rum [146].

In animal studies, adult exposures in rats resulted in hepato-
megaly and a common triad of tumors, hepatocellular adenoma,
Leydig cell tumors, and pancreatic acinar cell tumors. This tumor
triad is believed to be mediated by peroxisome proliferator-activated
receptor-alpha (PPARa), a non-human relevant mechanism [147].
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Developmental exposure to PFOA results in a variety of toxicities in
mice including prenatal loss, reduced birth weight, delayed eye open-
ing, increased postnatal mortality, and delayed sexual maturation in
females and is also believed to be dependent on PPAR« [147]. There
are strain differences in sensitivity to low doses of PFOA in mice. In
one strain of mice, peripubertal PFOA exposure delayed mammary
gland development, while had mixed effects in a different mouse
strain [148]. For mice strains sensitive to developmental PFOA ex-
posure, mammary gland delays occurred in the absence of liver effects
[149-151]. PPARa may not be required for alterations in mammary
gland development. PFOA treatment has been shown to affect mam-
mary gland development in PPARa knockout mice [152]. A mode
of action for a non-PPARa mediated mode of action is not fully
understood. PFOA does not activate or bind to ER but did enhance
the estrogenic effects of estradiol in T47D human breast cancer cells.
Also men with higher PFASs in their serum had higher estradiol lev-
els as well. Epidemiology data on the effects of PFOA exposure are
limited and often conflicting. There has been evidence that exposure
to PFAS is associated with a longer pregnancy time and abnormal
birth outcomes. In addition, PFAS, including PFOA, may contrib-
ute to the risk of breast cancer, found in a small cohort of Green-
landic Inuit women [153]. The EPA and IARC have determined
that PFOA has “suggestive evidence of carcinogenic potential” and
“possibly carcinogenic to humans” [154, 155].

Atrazine is a selective pre- and post-emergence herbicide for annual
control of grass and broad-leaved weeds in many different crops and
as a soil sterilant for airfields. It is the second most commonly used
herbicide in the USA. Atrazine is highly water soluble, has a long
half-life and water contamination is widespread. There are many dif-
ferent trade names for atrazine and many other herbicides may be
formulated with atrazine. An estimated 31-35 million kg of atrazine
was used annually in the USA for the past 35 years [156]. Use of
atrazine was banned in the European Union since 2004.

The importance of atrazine as an EDC is primary due to its
effects on the hypothalamic—pituitary—gonadal (HPG) axis which is
vital for maintaining proper reproductive function [157]. Effects
on the mammary gland have been shown predominately in rats. Pre-
natal exposure to atrazine has been shown to alter mammary gland
development in rats, resulting in glands with delayed TEB presence,
sparse branching patterns, and impaired growth [158, 159]. Atra-
zine has been reported to reduce GnRH pulses and decreased LH
pulse frequency while increasing pulse period and amplitude. Sup-
pression on LH causes altered PRL regulation and disrupts the nor-
mal estrous cycle in rats [ 157]. Mammary tumors have been shown
to occur in some rat stains, but not all. In sensitive rat strains atra-
zine exposure leads to premature reproductive senescence [160]. In
the post-reproductive rat, estrogen/prolactin stimulates the mammary
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gland and increases mammary tumor formation, while in post-
menopausal women, there is minimal estrogen /prolactin stimula-
tion. This mode of action is believed to not to be a human relevant
mechanism [157, 161].

Epidemiological studies on atrazine (or its metabolites), which
often have limitations, have not found an association between atra-
zine and breast cancer and the EPA and IARC have determined
there is inadequate evidence in humans for the carcinogenicity of
atrazine [156, 162, 163]. TEBs are target sites for chemical carci-
nogens. The extended presence of TEBs of mammary glands in pre-
natally exposed rats suggests that gestational exposure to atrazine
could increase the window of susceptibility of the mammary gland
in humans and could be the first hit in a “two hit” model of breast
cancer [164].

Both epidemiology and animal studies support the direct relation-
ship of increased radiation exposure and increased breast cancer risk.
Radiation exposure during adolescent and early adulthood (under
20 years old) has been shown to particularly increase the risk of breast
cancer development [165]. Besides causing both direct and indirect
DNA damage that leads to tumorigenesis, the mammary gland is also
susceptible to low levels of radiation that affect the cell signaling [ 143,
165]. Irradiation of just the mammary stroma and not the mamma-
ry epithelium has been shown to affect the microenvironment of the
mammary gland causing accelerated development of tumors [166].
Irradiation alters the microenvironment to activate TGEp, induces ex-
tracellular matrix remodeling, affects cell fate decisions, mediates ATM
kinase control of the DNA damage response, and deregulates mam-
mary stem cells [ 166].

5 Implication of Altered Development

Exposure to environmental chemicals may lead to perturbations in
mammary gland (MG) development and increase the risk for later ad-
verse effects, including lactation impairment, gynecomastia (in males),
and breast [8, 167-169]. Early childhood exposure to EDCs, in-
cluding atrazine, bisphenol A (BPA), dibutylphthalate, TCDD, meth-
oxychlor, found to induce altered MG development namely, ductal
hyperplasia, alveolar hypoplasia, delayed MG development, reduced
apoptosis in TEBs, and increased or decreased numbers of terminal
ducts or lobules [87, 170-172].

After weaning the mammary gland undergoes post-lactational
and lobular involutions. During the post-lactational involution the
mammary gland undergoes massive cell death and tissue remodel-
ing as it begins to return to the pre-pregnant state. Whereas, lo-
bular involution is the process by which the breast epithelial tissue is
gradually lost with aging of the mammary gland. Although post-
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lactational and lobular involutions are distinct processes, studies have
indicated that both are related to breast cancer development [173].
MG development is a complex process that extends from gestation
through adolescent; therefore, chemical exposure during susceptible
windows of development may alter the MG and can be the risk of
breast cancer, as well as other adverse outcomes [167].

Epidemiological studies provide no support for a causal rela-
tionship between atrazine exposure and breast cancer. This conclu-
sion is consistent with International Agency for Research on Cancer’s
(IARC) classification of atrazine as “unclassifiable as to carcinogenic-
ity” and the USED’s classification of atrazine as “not likely to be car-
cinogenic” [174]. In contrast TCDD is a known human carcinogen
causing an increase in total cancer [175] based on limited evidence in
humans, sufficient evidence in animals, and extensive mechanistic
information indicating that TCDD acts through a mechanism involv-
ing the aryl hydrocarbon receptor (AhR), which is present in both
humans and animals. Steenland et al. presented new evidence that
supported the 1997 TARC classification [176]. Later epidemiological
studies fall far short of conclusively demonstrating a causal link bet-
ween TCDD exposure and cancer risk in humans [177]. Likewise,
there is a conflicting human data on the role of TCDD on breast
cancer; although a Seveso (Italy) study showed a significant increase
in breast cancer on women with higher TCDD levels [135]. How-
ever, later studies were inconclusive.

The health consequences of diethylstilbestrol (DES) in later gen-
eration have been widely reported. Herbst et al. (1971) established
DES as a human carcinogen in a study linking cases of the rare vag-
inal clear cell carcinoma to daughters of mothers treated with DES
during pregnancy [178]. Similarly, a number of animal studies have
been performed to further confirm the link between DES exposure
and breast cancer. Although there is limited evidence to support an
epigenetic basis for DES-induced breast cancer risk, nevertheless, in-
creasing evidence has implicated a role for epigenetics in DES-related
mammary tumor [179, 180].

Altered MG is also associated with non-cancer effects such as
impaired lactation and gynecomastia. The hormonal control of lac-
tation is entirely similar across mammalian species, but it is really
questionable the utility of the rodent as a model for predicting chem-
ical effects on human lactation. Gynecomastia, an altered MG devel-
opment which occurs in up to 2 /3 of pubertal boys is believed to be
due to an imbalance in estrogen and testosterone [181]. However,
there is limited data to support the association between gynecomas-
tia and EDCs. Nevertheless, a number of epidemiological studies of
prepubertal gynecomastia suggest an association with exposure to
estrogenic or androgenic substances in boys [ 182, 183].

Epidemiological studies of breast cancer risk are generally con-
sistent with rodent bioassays, although only a few agents have been
studied in humans. The rodent models are useful as screening tools
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for identifying potential breast carcinogens, an expert panel on MG
tumors concluded [184]. Interestingly, most chemicals that are pos-
itive for breast tumors in the rodent cancer bioassay are genotoxic
and many are considered multisite carcinogens, supporting their re-
levance to humans [185]. Endocrine disruptors are not generally
genotoxicants, yet they can induce significant adverse outcome.

6 Concluding Remarks
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Abstract

Alternative developmental toxicity assays are used by pharmaceutical companies to detect the teratogenic
potential of human drugs. These methods are intended to reduce, refine, or replace (3Rs) animal use in
nonclinical embryo-fetal developmental toxicity testing. Screening methods (e.g., rodent whole embryo
culture, embryonic stem cells, and zebrafish) are powerful tools to identify hazards; they also provide
unique mechanistic insights that improve our understanding of developmental toxicology. By improving
the sophistication of these models over the past two decades, the field of developmental and reproductive
toxicology has been preparing to meet the increased need for enhanced developmental toxicity testing in
drug discovery and development. Interest in these tools has been further amplified since the International
Conference on Harmonisation (ICH) indicated that it will address the use of in vitro, ex vivo, and non-
mammalian developmental toxicity assays for regulatory purposes in the upcoming revisions to the ICH S5
(R2) guideline. Moreover, alternative assays combined with newer technologies such as high-content
imaging, automated embryo handling, and functional genomics may expedite testing of pharmaceuticals
for teratogenic liabilities while also increasing the informational content of these screens. To illustrate the
potential of alternative developmental toxicity assays, some examples of modern methods as well as
modifications to enhance these methods in the future are highlighted.

Keywords: Alternative assays, Developmental toxicity, Embryo, Teratogen

1 Introduction

Nonclinical embryo-fetal developmental (EFD) toxicity studies are
used to identify potential risks to the developing embryo/fetus in
pregnant women that may receive a new pharmaceutical. Because
little or no human developmental toxicity data are available when a
new drug enters the market, these nonclinical data in animal models
are particularly important. A teratogenic liability is highly undesir-
able and can be unacceptable in general medicine programs. A
quick, low-cost screen for teratogenicity could positively impact
clinical trial enrollment, improve product labeling, and reduce
business costs. However, predicting developmental toxicity is a
complex and difficult task. Developing conceptuses (and, to some
extent, the maternal environment in which they grow) represent
many coordinated systems and pathways that function together and
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change considerably over time which makes this a complex system
to model. Therefore, in order to enhance the capability of drug
development, there is a need for predictive screening methods to be
fast, simple, and inexpensive with enough biological complexity to
capture all or most of the potential vulnerabilities to developmental
toxicity.

A number of methods were developed and evaluated for this
purpose in the late twentieth and early twenty-first centuries. These
included tissue culture (e.g., embryonic stem cells, micromass),
embryonic limb bud organ culture, whole embryo culture (rodent
or rabbit), and non-mammalian models (e.g., hydra, frog embryo
teratogenesis assay xenopus [ FETAX], zebrafish). Of these models,
the three that are most commonly used at the time of writing this
(2016) are whole embryo culture, embryonic stem cells, and zebra-
fish, each of which is described in more detail in the sections below.
Assays with these three models have been found to have fairly
robust predictivity for developmental toxicity [1-11], which can
make them useful for hazard identification and internal decision-
making by pharmaceutical companies. However, it is important to
consider how predictivity for these models is defined. Traditionally,
two embryo-fetal developmental (EFD) toxicity studies are con-
ducted (one study in a rodent and the other in a non-rodent
mammalian species) [12], and these species serve as models to
predict human toxicity. Alternative models must be evaluated
based on their ability to predict in vivo mammalian outcomes, but
because developmental toxicity outcomes are often not the same
among all species (e.g., rat, rabbit, human), investigators must
determine which species they aim to predict. While it would be
ideal to predict human outcomes, evaluating a model by this stan-
dard is very difficult given the scarcity of human developmental
toxicity data. Therefore, many researchers choose to use the out-
comes in one or more traditional mammalian in vivo models as the
“true” results against which to assess predictions from alternative
models. Then the performance of alternative models can be eval-
uated by comparing data for pharmaceuticals in the traditional
model(s) to results from the alternative assay. It may even be
possible to discover patterns of concordance and discordance to
understand the source of discrepancies between outcomes in alter-
native and traditional assays.

While these methods are unlikely to replace traditional in vivo
mammalian studies altogether, it is becoming increasingly clear that
they have gained substantial traction in the pharmaceutical industry
and that the impact on drug development may extend beyond lead
optimization. For example, the International Conference on Har-
monisation (ICH) has signaled its intent to address the possible use
of in vitro, ex vivo, and non-mammalian developmental toxicity
assays for regulatory purposes in the upcoming revisions to the
ICH S5(R2) guideline: detection of toxicity to reproduction of
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medicinal products and toxicity to male fertility. How much and
under what circumstances these alternatives will affect regulatory
decisions still has to be determined, but it seems apparent that for
the foreseeable future, alternative assays will be an integral part of
pharmaceutical developmental toxicity testing and decision-making
for many sponsors.

A vision for the future of developmental toxicity testing would
be alternative model systems in which a large array of pharmaceu-
ticals can be rapidly tested on large numbers of developing
embryos, followed by high-content analysis of morphology that
precisely evaluates the effects of the pharmaceuticals, and finally
tools that allow exposure-based predictions [ 13] and mechanism(s)
of teratogenicity to be elucidated. New technologies in automated
embryo handling, high-content imaging, and functional genomics
are improving the speed of screening pharmaceuticals for terato-
genic liabilities while also increasing the informational content of
these screens. The progress toward this vision and the limitations
that remain will be reviewed in the context of developmental toxic-
ity testing.

2 Alternative Mammalian Models

2.1 Whole Embryo
Gulture (WEC)

The rodent whole embryo culture (WEC) assay is an in vitro
screening tool that was designed in the 1970s by New [14], and
the methodology has been modified since its original development
[15-17]. WEC can predict in vivo potential teratogenicity for
pharmaceuticals and other test substances [18, 19] (Fig. 1). The
rat WEC assay performance for predicting in vivo teratogenicity has
been demonstrated in studies comparing in vitro WEC results with
in vivo EFD toxicity outcomes [5, 8, 20]. This is notable because
the rat is generally the primary test species used to evaluate the
potential developmental and reproductive toxicity of drug candi-
dates, making this a compelling model.

Within this in vitro system, postimplantation mouse or rat
conceptuses are removed from the uterus (3-5 somites) [21]. The
decidua and Reichert’s membrane are removed, but the visceral
yolk sac remains intact. Embryos are placed in culture bottles that
contain a high percentage of serum (up to 100%) to which the
pharmaceutical is added. The embryos are maintained in a rotating
culture unit with the stage-appropriate concentrations of oxygen at
37 °C for up to 72 h. The developmental stages are highly sensitive
to teratogen insult because morphogenic processes controlling
organ system development are occurring. The embryo continues
to grow within the surrounding amniotic fluid and visceral yolk sac
during the culture period. The culture consists of a humidified gas
atmosphere composed of progressively increasing levels of oxygen
(5% until 5 h post-culture (hpc); 10%, 5-21 hpc; 20%, 2145 hpc;
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Fig. 1 Rat whole embryo culture assay evaluates drug effects after a 48-h incubation period during mid-stage
embryo development. Embryos are typically removed from the uterus on gestation day 9 (early somite stage),
and the decidua and Reichert’s membrane are dissected away. The visceral yolk sac and ectoplacental cone
are left intact. Then embryos are placed in bottles with medium (primarily rat serum containing various
concentrations of the pharmaceutical being tested) that is gassed with 5% oxygen. These bottles are placed
on a rotator and maintained at 37 °C in an incubator for up to 48 h, with increasing oxygen concentrations
appropriate for the developmental stage. At the end of the culture period, embryo morphology is evaluated for
control and treated groups, and endpoints such as an IC5yma (Concentration at which 50% of embryos are
malformed) are calculated (reprinted from Brannen et al. [61] with permission from Oxford University Press)

and 40%, 45+ hpc), 5% carbon dioxide, and a nitrogen balance for
the duration of the culture period to compensate for embryo
growth. At the termination of the culture period, embryos are
removed from the serum and routinely assessed for growth, viabil-
ity, and gross anatomical abnormalities via examination with a
microscope. Each embryo is assessed and scored based on develop-
mental stage. A number of embryonic scoring systems (e.g.,
[21-25]) have been developed to quantitate the morphologic
changes that may represent precursors to in vivo teratogenicity.
To identify molecular precursors, transcriptional profiles in
WEC can be used to highlight biological mechanisms underlying
phenotypic changes. For instance, the gene expression response
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2.2 Advances
in Whole Embryo
Imaging Using
Micro-Computed
Tomography
(Micro-CT)

after valproic acid exposure in WEC was compared with responses
in other in vitro developmental toxicity models. The results were
complimentary in that similar biological processes were elevated
from the dataset [26]. This emphasized the use of'a battery of assays
to optimize the detection of developmental toxicants.

The rabbit is often selected as a second test species for in vivo
developmental toxicity testing. A rabbit WEC assay was designed
by Naya and colleagues, who reported successful in vitro develop-
ment of gestation day 9 and gestation day 10 rabbit embryos [27].
The methodology was later improved, and a modified scoring
system for the WEC was published [28] to align with the Brown
and Fabro scoring system.

The utility of using both rodent and rabbit WEC assays for
predicting in vivo developmental toxicity was tested in a study
comparing results from thalidomide-treated WEC with thalido-
mide EFD outcomes [28]. Thalidomide induces limb reduction
defects in fetal rabbits, whereas rats are insensitive. When thalido-
mide was added to the culture media that contained rat or rabbit
conceptuses, neither in vitro assay revealed changes in morphology,
growth, or viability parameters [29]. However, using the WEC
system, the authors identified glutathione (GSH), an antioxidant,
as a potential inherent biochemical difference between the two
species because levels were 50% lower than controls in
thalidomide-treated rabbit embryos compared to no change in
thalidomide-treated rat embryos. This suggested that the differen-
tial susceptibility of thalidomide teratogenesis was at least partially
due to low GSH levels because of the high levels of DNA oxidation.

The microscopic examination process of the WEC assay is low
throughput. However, there is potential that this process could be
enhanced or replaced by utilizing imaging techniques, such as
micro-CT. Advantages of scanning embryos to obtain electronic
images instead of manual morphological assessments by micro-
scope include easier viewing of digital specimens, reduced operator
time, and increased throughput. In addition, virtual histology
(high-resolution electronic images of embryonic sections used for
morphological assessments) allows the investigator to make
detailed assessments without additional histological methods
(Fig. 2 [30]). In addition, the embryo images can be stored elec-
tronically and assessed later.

Micro-CT, a 3-D imaging modality based on the attenuation of
X-rays, is a common choice for 3-D imaging of soft tissue when
combined with contrast staining. Compared to MRI and optical
imaging, it is particularly suitable for small samples such as embryos
for high resolution and high throughput [31-33]. This platform is
applicable to both embryo and fetal morphological assessments for
in vitro WEC and in vivo EFD studies, respectively [34]. For
instance, micro-CT was successfully used for quantitative image
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Fig. 2 Comparison of paraffin and virtual histology of micro-CT E11.5 mouse embryos. Embryos were scanned
at 8 um with isosurface renderings in the fop row (a, b), traditional histology sections from a littermate in the
middle row (c—e), and the virtual histology via micro-CT in the botfom row (f-h). a cardiac atrium, cv cardinal
vein, drg dorsal root ganglia, fvforebrain vesicle, livliver, nfneural tube, v cardiac ventricle, v4 fourth ventricle
(modified from Johnson et al. [30])
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2.3 Mouse
Embryonic Stem
Cell Test (mEST)

analysis of live avian embryos [35]. A useful review of micro-CT
imaging methods for embryos was published [36]. One method
uses a hydrogel scaffold to mechanically support the embryo for
imaging. The resulting embryonic tissues are permeable to iodine
staining and optically transparent [37]. However, tissue shrinkage
and deformation may occur during the hypertonic iodine staining
[38]. To overcome this, a hydrogel stabilization approach to sup-
port tissue structure and preserve conformation was developed
[39]. As a result, high-quality embryo images with minimal tissue
distortion can be achieved along with virtual histology. Micro-CT is
emerging as a powerful tool for studying embryonic development
and quantifying anatomical and physiological changes of the
embryo.

The mEST is another type of in vitro assay used for pharmacologi-
cal screening to detect potential developmental toxicity [9, 40].
The system assesses early embryonic development when embryonic
stem cells (ESCs) begin to differentiate along endodermal, meso-
dermal, and ectodermal lineages. ESCs, placed in culture under
certain specified conditions, have the ability to transition from a
pluripotent to a more differentiated state, thus recapitulating some
in vivo embryonic processes. An mEST was originally designed and
validated by the European Centre for the Validation of Alternative
Methods and involved culturing the D3 ESC line for 10 days and
evaluating the presence of differentiated, beating cardiomyocytes
[41-43]. However, since then, a number of ESC differentiation
methods have been described [42, 44]. Advantages to the assay
include use of molecular- and morphological-based endpoints,
low test article use, higher throughput, and the ability to maintain
ESCs in vitro for an extended period. Hence, the mEST assay
has emerged as a valuable screening tool for hazard identification
[2,45].

ESC lines are established from the inner cell mass of the 3.5-day
mouse blastocyst. They are cultured and pharmaceuticals are added
to the media for up to 10 days. These assays evaluate pharmaceu-
ticals based on the assessment of toxicological endpoints such as
inhibition (cytotoxicity), altered differentiation (e.g., beating car-
diomyocytes, differentiated neuronal cells), or transcriptional
changes reflecting molecular endpoints (i.e., pluripotency and cell
lineage markers) which are expressed during gastrulation.

Transcriptomics may be used to enable a detailed assessment of
pharmaceutical-induced changes in the molecular messenger RNA
(mRNA) and /or microRNA (miRNA) endpoints that are normally
expressed when ESCs differentiate along cell lineages to recapitu-
late early development in vivo. A RT-PCR-based gene expression
analysis can be performed against a panel of target genes whose up-
or downregulation is identified to predict potential developmental
toxicity in rodents. ESCs with altered temporal expression profiles
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2.4 Advances in High
Gontent Embryoid
Body Imaging

of developmental regulator genes could give insight into specific
mechanism(s) of teratogenesis for a given pharmaceutical [46, 47].

In addition to molecular profiling, a simpler in vitro system for
predicting changes in embryo morphogenesis can be used with
various mouse ESC lines [47—49]. With a hanging drop or similar
technique, ESCs spontanecously differentiate and form three-
dimensional (3-D) aggregates called embryoid bodies (EB). EBs
mimic cell differentiation during early mammalian embryogenesis
and give rise to more mature cells of the three germ layers. Dysre-
gulation of cellular events during any stage of embryogenesis may
lead to morphogenic disturbances that could ultimately result in a
birth defect. Hence, this system may serve as a unique tool to screen
for developmental toxicity by observing morphological changes
after treatment with pharmaceuticals. For instance, when pluripo-
tent P19C5 mouse embryonal carcinoma stem cells that mimic the
process of gastrulation and axial body elongation of embryos were
treated with developmentally toxic pharmaceuticals at concentra-
tions below cytotoxic levels, the resulting EBs were spherical rather
than elongated in shape (measured by EB area) over 4 days of
culture (Fig. 3). Analyses of P19C5 cells suggested that the elon-
gation morphogenesis of these EBs represented gastrulation and
convergent extension along the anterior-posterior body axis [48,
491 and was not evident when ESCs were treated with embryotox-
icants. Data suggest that the EB morphology model may provide an
easier system to screen for developmental toxicities caused by phar-
maceuticals [50]. Advances in automated imaging platforms could
allow investigators to quickly access high-throughput image cap-
ture and perform morphological assessments of EBs.

Traditional image-based systems have limited throughput capabil-
ity, and therefore microscope-based, high-content instruments are
being used for screening cellular toxicity assays. A number of
advanced 3-D imaging platforms are available for researchers to
eliminate manual qualitative data collection. For example, a recent
report showed that high-throughput toxicity screening in 384-well
plates with a quick scan time can enhance data acquisition and
analysis time. The combination of image processing methodology
and large depth-of-field cytometric scanning provides the potential
for the enhanced development of the EB morphology model.
However, imaging EBs has an important limitation [51]. Although
imaging results provided a high-resolution view of spatiotemporal
dynamics of early mesodermal differentiation within the EB, they
did not provide information on the EB’s differentiation stage or the
genes driving and driven by the EB progression from mesoderm
expansion to the next stage. This emphasizes the use of a combina-
tion of endpoints (e.g., 3-D embryo morphology imaging and
molecular profiling) to aid in an enhanced data interpretation.
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Fig. 3 Impact of retinoic acid signaling inhibition on EB development. EBs were cultured in hanging drops containing
1 M BMS493, and their morphologies and gene expression profiles were compared to control EBs. (a) Images of
EBs over 4 days of culture. Scale bars, 500 um. (b) Comparisons of EB morphometric parameters between control
EBs (blue bars) and BMS493-treated EBs (red bars). Each bar represents the mean =+ standard deviation (7= 14-16)
of the morphometric parameters. Graphs show data from one set of experiment. Downward solid arrows indicate
statistically significant reductions in all three sets of experiments conducted (P < 0.01; Student’s ttest).
(c) Comparisons of temporal gene expression profiles between control EBs (blue lines) and BMS493-treated EBs
(red lines). Vertical axis represents relative transcript abundance and horizontal axis represents days of culture.
Graphs show data from one set of experiments. Downward solid arrows and upward open arrowsindicate consistent
reductions and increase, respectively, in all three sets of experiments conducted. Mean =+ standard deviation is
indicated. (reprinted from Li and Marikawa [50] with permission from John Wiley and Sons)
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2.5 Human
Embryonic Stem
Cell Test (hEST)

The hEST may be utilized to aid in the early discovery-phase
detection of potential human developmental toxicants. Metabolo-
mics and transcriptomics can be applied to capture relevant molec-
ular endpoints that are species-specific which may not exist in
preclinical species. These molecules could serve as biomarkers of
human developmental toxicity at clinically relevant doses. Hence,
this test system fills a gap in developmental toxicity screening
whereby it can potentially identify human teratogens that animal-
based tests do not detect.

There are only a handful of available human ESC (hESC) lines
(i.e., H1, H7, H9, H13, and H14) that are well characterized and
routinely used in research. These human ESCs are pluripotent and
are capable of forming all three germ layers which makes them
suitable for human developmental biology research and pharma-
ceutical screening. An example of a widely used human ESC line is
the H9 line, which was first derived from the inner cell mass of
blastocysts [52], retained a normal XX karyotype after 6 months of
culture, and was passaged continuously for more than 8 months.

The utility of metabolomics in biomarker discovery has been
demonstrated with human ESCs [53-56]. Methods utilized plated
H9 human ESCs that were allowed to attach and grow for 3 days.
Then, the cells were treated with a number of non-teratogenic and
teratogenic test agents for approximately 4 days. Media was col-
lected after the treatment period and acetonitrile was added to the
samples. Samples were analyzed by LC-MS to measure changes in
levels of small molecules in response to test agent exposure. Overall
high accuracy was reported with this developmental model [54,
55], although only limited test sets were evaluated. In one of the
models, two biomarkers, ornithine and cysteine, were used as indi-
cators of developmental toxicity (77% accuracy with high concor-
dance with in vivo models) when tested using 46 pharmaceuticals,
12 of which were known human teratogens [54 ]. Nonetheless, this
methodology allows potential for predictive modeling and mecha-
nistic understanding of biochemical pathways underlying human
developmental toxicity.

Like the mEST assay, expression profiling of human ESCs can
be used to identify potential developmental toxicants. Human
ESCs can be used as a model of biological systems to assess the
impact of pharmaceuticals on the genome expression. The resultant
mRNA and microRNA (miRNA) transcriptomes can be assessed by
RNA-Seq and TagMan, respectively. Development of a gene signa-
ture (a group of genes in a cell whose combined expression pattern
is uniquely characteristic of teratogenicity) using mRNA and/or
miRNA endpoints could aid in interpreting the data. A number of
potential RNA biomarkers could highlight differences between
teratogens. In the future, this could potentially be translated to
human concentrations by comparing teratogens at doses at or
above the human exposure (AUC or C,,,) to non-teratogens at
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doses below the human exposure. For instance, a gene signature
response, initiated at doses below the teratogenic human dose level
and exposure, could suggest a promise for predicting a safe clinical
therapeutic window.

A major challenge to the implementation and use of the hEST
assay as a screening tool for human teratogenicity is its applicability
as discussed by Cezar [57]. The assay is difficult to qualify since
there are a limited number of known human teratogens. Therefore,
conversations surrounding the applicability of the hEST assay in
pharmaceutical risk assessment are warranted.

3 Alternative Non-mammalian Models

3.1 Zebrafish
Developmental
Toxicity Assays

Several non-mammalian models have been used to study develop-
mental toxicity. The one that is best characterized and is most often
used for pharmaceutical research today is the zebrafish. There are
many reasons for the zebrafish’s popularity in research. Because
embryonic and larval development is rapid [58-61], the turn-
around time for developmental toxicity screening studies is short
(Fig. 4). Zebrafish are also inexpensive, easy to maintain, able to
produce large numbers of offspring, transparent, largely genetically
homologous to humans, amenable to many research techniques,
and useful for mechanistic studies due to the availability of relevant
functional genomics and other experimental tools [60, 62-65].
Because zebrafish fertilization and development are external, it is
not only feasible to maintain a modest breeding colony of adults for
regular production of large numbers of embryos but also easy to
grow and observe embryos and larvae under various experimental
conditions [62, 63]. This also makes it possible to test the direct
effects of test substances on development. Unlike mammalian
in vitro and ex vivo models, the zebrafish is a whole-organism,
in vivo model with which one can readily assess the entire develop-
mental period and all developing tissues [64, 65]. For these rea-
sons, zebrafish embryos can be used for simple, inexpensive,
medium-throughput assays to evaluate most stages and processes
of vertebrate development. That has made the model attractive to
researchers looking for models to serve as predictive developmental
toxicity assays or to study mechanisms of abnormal development,
each of which is discussed below.

A number of labs have reported the results of their efforts to design
and characterize a predictive zebrafish developmental toxicity assay
(ZDTA) [3, 6, 7,10, 11, 66-70]. Several detailed descriptions of
assay methodology have also been published [3, 63, 71, 72]. In
general, the methods used involve exposing embryos to test sub-
stances for a defined window of development, typically starting
shortly after fertilization and continuing through the end of the
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Fig. 4 Zebrafish embryos and larvae at stages included in a typical developmental toxicity assay. (a) Embryos
are collected from egg traps shortly after spawning (e.g., 1 hpf), rinsed, and selected for use. (b) Late-blastula-
to early-gastrula-period embryos (approximately 4—6 hpf) are placed into multiwell culture plates filled with
buffer (embryo medium) containing several concentrations of the test pharmaceutical. (c) A 24-hpf embryo
has been removed from the chorion to facilitate viewing and illustrate how rapidly embryonic development
occurs; early eye, brain, heart, somite, and notochord development are easily viewed in transparent embryos.
(d) Hatching is complete and the embryonic period ends at 3 dpf. (e) A typical developmental toxicity assay
with zebrafish involves evaluation of viability, growth, and morphology of early stage larvae (e.g., 5 dpf)
(reprinted from Brannen et al. [61] with permission from Oxford University Press)

embryonic period or early larval period. Embryos are collected
within a few hours of fertilization (usually at stages between the
cleavage and gastrula periods), cleaned, visually evaluated for suit-
ability (e.g., fertilization, stage, absence of damage), and arrayed
among the treatment groups. They are grown in culture medium (a
buffer solution) containing the appropriate concentration of the
test substance and incubated at approximately 28 or 28.5 °C. After
the desired period of exposure, which is usually 3—-6 days, larvae are
evaluated for viability, growth, and /or morphology. In some cases,
embryos/larvae are evaluated at multiple developmental stages
during the assay exposure period. Some assays include an evaluation
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of developmental toxicity relative to cytotoxicity in an effort to
improve the prediction of selective developmental toxicity.

Although there are many similarities in methods used among
the various labs doing ZDTAs, there are a few areas that have been
somewhat variable. As indicated above, the precise timing of the
exposure period and/or data collection can vary. The endpoints
included in embryo-larval evaluations and the level of detail with
which they are assessed can differ, and this may affect the estimates
of the assay’s sensitivity and specificity [ 3, 7]. In addition, zebrafish
researchers often disagree about the importance or wisdom of
removing the chorion, the acellular envelope that surrounds the
embryo for the first few days of development, prior to test sub-
stance exposure. Although the chorion has large pores that would
be expected to allow small molecules to cross it, concerns about the
possibility that the chorion could act as a pharmaceutical sink,
slightly delay exposure to the embryo proper, or cause artifacts by
interfering with hatching [73-75] have led some to remove it,
while others avoid dechorionation due to evidence that it can
slightly increase the background rates of mortality and dysmorphol-
ogy [76].

Given the interlaboratory differences in methodology, it is often
difficult to compare results among studies. For example, a number
of labs have found concordance between mammalian and zebrafish
assays to be over 80% with relatively low false-positive and false-
negative rates [3, 7, 11, 69, 77], while the results of other studies
have not been as strong [6, 10, 67, 68, 78]. The disparities in
concordance among the various studies are likely due to one or
more of the following: different assay methods, the selection of
pharmaceuticals tested, and different approaches to analyzing the
resulting data. It is, therefore, easy to understand why many have
advocated for harmonization, and some have attempted to deter-
mine an optimal design that could be used in a harmonized manner
[6,10]. However, standard use of a harmonized protocol across labs
has remained an elusive goal. Despite the lack of standardization,
some pharmaceutical companies have found that zebrafish assays for
developmental toxicity and other areas of safety assessment can be
valuable for internal decisions (i.e., hazard identification and priori-
tization of candidate pharmaceuticals) [3, 10, 11, 79].

There are a few limitations to consider regarding the use of
zebrafish as an alternative model in pharmaceutical discovery. First,
because zebrafish fertilization and development occur externally,
there is no maternal component in ZDTAs. While this provides
some important logistical benefits as described above, it also means
that the role of maternal effects (e.g., metabolism, physiology,
pregnancy maintenance) in developmental toxicity cannot be
assessed. Of course, the same is also true for mammalian in vitro
and ex vivo assays, but this limitation may necessitate the incorpora-
tion of data from other sources in order to derive the full benefit of
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3.2 Neurobehavioral
Testing in Zebrafish
Larvae

using predictive screens like ZDTA and others. In addition, there
are sometimes concerns about translation of results from a non-
mammalian model to humans for risk assessment; while there is a
good deal of conservation in genetics and developmental and toxi-
cological processes [80], more needs to be known about how much
the differences that exist between zebrafish and humans may affect
the ability to predict human outcomes. Finally, the fact that the
zebrafish is an aquatic species can be a logistical challenge with
pharmaceuticals that have limited aqueous solubility, although it
is possible to microinject insoluble pharmaceuticals directly into the
yolk cell (see below).

Ultimately, the greatest utility from assays of this type will be
realized when—and if—the assay can predict maternal exposure
levels that are likely to be safe and those that are likely to carry a
risk for developmental toxicity [13]. In order to reach such a lofty
goal, it will first be necessary to gain a better understanding of
pharmacokinetics and metabolism in the model. Internal exposure
levels (tissue concentrations of the test substance) in zebrafish
embryos/larvae relative to the concentrations in the culture
medium probably vary greatly from one pharmaceutical to another,
and it is likely that evaluating internal exposure can improve assay
predictivity and translatability [6, 67, 81]. However, few studies
include bioanalysis for internal embryo-larval exposure, and those
that do usually involve only measurement of whole-larvae samples
at a single timepoint. So far, bioanalysis at the earliest stages of
ZDTA has been logistically impractical, which limits the questions
that can be addressed. There is also much that is still unknown
about metabolism in the developing zebrafish, but drug detoxifica-
tion and activation, especially through maternal metabolism, play
important parts in developmental toxicity of some pharmaceuticals.
There is at least some metabolic capacity in the liver of embryos and
early larvae [82-85], and some proteratogens have been success-
fully tested in a zebrafish assay [86]. In addition, even when endog-
enous metabolism is not sufficient to produce a relevant effect,
exogenous metabolism approaches may be employed to test the
effects in the presence of metabolism [86, 87]. Further work is
needed to understand pharmacokinetics and metabolism in zebra-
fish developmental toxicity assays adequately. When those data are
available, it may be possible to make exposure-based predictions
from ZDTA results, but at a minimum, the data from zebrafish will
at least become even more effective than it already is.

Zebrafish have also become a popular model for studying the
processes and pathways involved in neurobehavioral function.
Drugs can be screened for developmental neurobehavioral effects
in larvae using learning and memory, locomotor, and sensory assays
that are analogous to the types of testing performed in pre- and
postnatal developmental toxicity and juvenile toxicity studies with
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3.3 Automation
for Rapid Handling
of Zebrafish Embryos

standard mammalian models. Detailed descriptions of zebrafish
central nervous system development and function and neurobeha-
vioral testing are beyond the scope of this chapter, but excellent
reviews of these topics can be found elsewhere (e.g., see [88, 897).

As noted earlier, zebrafish have rapid embryonic development, and
adults can produce large numbers of synchronously developing
embryos [90]. These characteristics make them particularly well
suited for high-throughput screening of pharmaceuticals in early
stages of discovery: for instance, to narrow down a large number of
lead pharmaceuticals by identifying those that present the least
hazard to developing embryos and fetuses. Working with so many
embryos at once presents an obvious problem, namely, how to
precisely and reproducibly manipulate the embryos without dam-
aging them or inhibiting development.

First, large numbers of embryos must be generated and arrayed
into microtiter plates. The first issue, spawning of thousands of
embryos at the same time, has recently been addressed by commer-
cial zebrafish husbandry companies including Pentair (Mass
Embryo Production) and Tecniplast (iSpawn), which use funnel-
type chambers to breed tens of fish pairs at one time and quickly
collect the embryos. Arraying these embryos into 96-well plates,
while avoiding dead embryos, has been automated by various
means. Union Biometrica has succeeded, for example, using their
COPAS FP large particle flow cytometer. Using optical density
measurement, live embryos, which are more transparent than
dead ones, can be rapidly arrayed at a desired density into the
wells of a microtiter dish. However, the embryos are still in their
chorions, which can impede treatment by acting as a sink for certain
pharmaceuticals. A robotic embryo loader that incorporates a semi-
automated dechorionation step has been developed [74] although
it cannot sort live versus dead embryos.

Next, a precise dose of each pharmaceutical to be tested must
be administered to each well. This is similar to delivery of chemicals
from a library to cultured cells. In many cases this is performed by a
robotic liquid handler with micropipette tips that performs a serial
dilution prior to adding chemicals to the embryo media. A recent
effort to optimize zebrafish embryo dosing in a high-throughput
format found that digital dispensing directly into the experimental
chambers was significantly better at reproducible treatment [64].

Not every pharmaceutical is amenable to administration in this
fashion, as mentioned earlier. Many recently developed pharmaceu-
ticals are highly hydrophobic, making it challenging to treat by
diluting in aqueous media, or are large molecules which cannot
diffuse into the embryo from the media. An alternative method for
treating zebrafish embryos that avoids these constraints is to micro-
inject the pharmaceutical directly into the embryo. An automated
system that uses high-speed immobilization and micro-robotic
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3.4 Advances

in High-Gontent
Imaging and Image
Analysis of Zebrafish

injection controlled by a computer vision system uses air pressure
and a glass microneedle to microinject hundreds of embryos per
hour [91]. This injection is into the large yolk cell of the developing
embryo and results in systemic exposure as yolk is used as the
embryos’ food source. Further scaling up of such micro-robotics
systems is challenging, and it is difficult to integrate them with
automated sorting of embryos before or after injection. This has
prompted the investigation of microfluidic chips to increase micro-
injection throughput. The principle of using a microfluidic device
has been validated with a PDMS chip that uses electroosmotic flow
to deliver pharmaceuticals by microinjection in an automated fash-
ion, although it has not yet been scaled up to handle many embryos
in parallel [92].

Once embryos have been treated, the effects on embryonic devel-
opment must be evaluated. For zebrafish embryos, criteria for
scoring effects on the formation of various organs and tissues by
morphological examination have been carefully developed, as noted
earlier [3, 6, 10, 93]. The next step is to automate, quantitate, and
extend these morphological examinations to gather more data from
more embryos faster.

An example of basic automation and quantitation comes from a
commercially available system, the IN Cell Analyzer (GE Health-
care). This device can image embryos in microtiter dishes, segment
the images of embryos into the tissues that have been evaluated in
manual assessments of development (eye, head, heart, muscle, etc.),
and measure their area.

Advanced image capture and analysis holds the promise to
provide even more detail of fine structures within organs and tissue.
One such system combines high-speed optical projection tomogra-
phy (which converts a series of two-dimensional images into a high-
resolution three-dimensional reconstruction) with a glass capillary-
based system for automated loading of embryos into the imaging
chamber to image an embryo every 2.5 s [94, 95]. Subsequent
processing of the images yielded data with 2.5 pm precision, allow-
ing even subtle changes in embryonic development to be discerned.
Alcian blue staining highlighted craniofacial cartilages and allowed
comparisons of the effects of three different classes of teratogens.
The data were accurate enough to allow construction of a dendro-
gram that successfully distinguished the three classes, and even
different pharmaceuticals within the classes, based on the quantita-
tive and qualitative differences on cartilage formation. Combined
with techniques like automated in situ hybridization, which can
label nearly any tissue by chromogenic precipitation in thousands of
embryos at once [96], the optical tomography technique could be
particularly helpful in evaluating the teratogenic mechanism of a
pharmaceutical by comparing its effects on an organ or tissue with a
database of precise 3-D information from tool pharmaceuticals
with known molecular targets.
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Alternatively, quantitation of changes in specific tissues can be
made without having to mount or image the embryos at all. This
has the advantage of eliminating the processing time, storage space,
and computing power needed for images as well as the cost and
technical challenges of the optical tomography system. The
method, called ARQiv (automated reporter quantification in vivo)
uses zebrafish expressing fluorescent proteins in a variety of tissues
(Fig. 5). A fluorescent plate reader is used to rapidly capture the
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Fig. 5 Screening resources, design, and controls. (a) Transgenic line used for the primary screen, Tg(ins:
PhiYFP-2a-nsfB,sst2:tagRFP)imc01 (B/5 reporter; the insulin promoter drives YFP-expression in B cells
(vellow), the somatostatin 2 promoter drives RFP expression in neighboring & cells (red). Photomicrograph
of the anterior region of a 7-dpf larva shows YFP and RFP labeling of the principal islet (arrow). (b) Confocal z-
projection of the principal islet in a p/5-reporter fish (scale bar: 10 uM), YFP labeling p cells (yellow) and RFP
labeling & cells (red—note, apparent “orange” co-labeling is an artifact of z-projection in 2D format.
(c) llustration of two potential mechanisms by which drug exposures could lead to increased (3-cell mass:
(1) enhanced endocrine differentiation, indicated by secondary (2°) islet formation (/eft path) and (2) increased
(3-cell proliferation, indicated by supernumerary {3 cell numbers in the principal islet (right path) in the absence
of effects on endocrine differentiation—that is, no effect on 2° islet formation. (d) Schematic of the ARQiv-HTS
screening process: day 0, mass breeding produced 5000-10,000 eggs per day; day 2 (evening), JHDL
compounds were serially diluted into drug plates; day 3, the COPAS-XL (Union Biometrica) was used to
dispense individual 3 dpf larvae into single wells of drug plates, and plates were then maintained under
standard conditions for 4 days; day 7, larvae were anesthetized and reporters quantified by automated
reporter quantification in vivo (ARQiv). (E) 3/5-reporter larvae were exposed to 0.1% DMSO (negative control)
or the y-secretase/Notch inhibitor DAPT (positive control) at six different concentrations from 3 to 7 dpf. ARQiv
was then used to measure fluorescent signals from f cells (yellow line, left y-axis) and & cells (red line, right
y-axis). The DAPT to DMSO ratio (DAPT/DMSO0) was used to indicate signal strength for each fluorophore
independently, as per the primary screen. The p-cell data show a non-monotonic dose response (yellow
dashed line, polynomial curve fit), with maximal signal observed at 25-50 uM DAPT. The &-cell data show a
similar trend (red dashed line, polynomial curve fit), but with approximately fourfold lower signal strength due
to higher autofluorescent background in the RFP emission range (reprinted from Wang et al. [98])
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3.5 Genetics and
Genomics to Elucidate
Mechanism of Action
Using Zebrafish

total fluorescence from the labeled tissues, revealing changes in cell
number which can then be followed up with confocal imaging [97,
98]. Intriguingly, zebrafish transgenic lines that report the response
of tissues to particular classes of bioactive pharmaceuticals have
been developed, for instance, the estrogen response element line
that expresses increasing amounts of fluorescent protein when
the embryo is exposed to estrogenic pharmaceuticals [99]. By
combining such transgenic lines with microtiter plate screening,
the in vivo estrogenic liability of pharmaceuticals can be rapidly
screened [100].

When a teratogenic liability is found for a pharmaceutical, a major
challenge is to understand the mechanism of action (MoA). Is the
effect on embryonic development a consequence of primary phar-
macology affecting the intended target, or secondary pharmacol-
ogy acting on some other molecular pathway? The zebrafish
embryo provides an opportunity to unravel such questions using
the many genetic and genomic tools that are available.

Two comprehensive investigations of the MoA of bioactive
pharmaceuticals highlight the constellation of techniques that can
be used with zebrafish, including targeted gene inactivation,
genetic interaction, and RNA profiling. The first is a study of
kalihinol F, a marine-sponge-derived antibiotic that causes a spec-
trum of defects in embryonic development, including loss of pig-
mentation, defective hematopoiesis and neurogenesis, and
undulation of the notochord [101]. An important clue came from
comparing these phenotypes to the thousands of described embry-
onic lethal mutations documented in zebrafish [102]. A close
match was found to the calamity mutation, which inactivates the
atp7n copper transporter. Indeed, upon examination of differently
expressed genes by RNA sequencing of kalihinol F-treated
embryos, downregulation of hemoglobin complex genes was
observed, consistent with a response to decreased copper availabil-
ity (copper is required to oxidize iron in hemoglobin production).
Addition of extra copper directly to embryos could suppress the
phenotype caused by kalinihol F treatment; conversely, addition of
kalinihol F to embryos could prevent toxicity caused by an excess of
copper. Thus, copper sequestration was identified as the MoA for
kalinihol teratogenicity.

The second investigation uses two antiangiogenic pharmaceu-
ticals, the natural product fumagillin and the pharmaceutical candi-
date analog TNP-470 [103]. Both were known to block
methionine aminopeptidase 2 (MetAP-2). However, there were
phenotypes in embryos treated with TNP-470 that could not be
attributed to blocking angiogenesis; in particular, disruption of the
convergence and extension cell movements during gastrulation.
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This gastrulation phenotype was reminiscent of disrupting the
noncanonical Wnt signaling pathway, but MetAP-2 had never
been connected with this pathway. Using targeted knockdown of
MetAP-2 in zebrafish embryos, the authors demonstrated synergy
with knockdown of the noncanonical Wnt ligand, Wnt5. Moreover,
they found that MetAP-2 might act upstream of calmodulin kinase
II (CamKII) by rescuing MetAP-2-knockdown embryos with
injection of RNA for activated CamKII, an essential clue that they
exploited to dissect MetAP-2’s role using cultured cells. They con-
cluded that TNP-470 disrupted development via secondary phar-
macology at a target in the noncanonical Wnt signaling pathway.
These two examples highlight some of the genomic and genetic
power of the zebrafish model: a large panel of existing mutants with
well-described embryonic phenotypes, a panel of antisense reagents
that can be directed against any gene in the genome, and a fully
curated reference genome for profiling of RNA expression [104].
A recently developed technology, Cas9/CRISPR, promises to
open further vistas for zebrafish embryos in developmental toxicity
[105, 106]. This technique, which allows the targeted inactivation
of any gene by expression of a guide RNA and the Cas9 nuclease,
avoids many of the problems with antisense reagents (including
incomplete inactivation and the potential for widespread oft-target
effects) while retaining their speed from target identification to
inactivation of a gene [107]. Moreover, inactivation of multiple
genes in a single generation is possible without multi-generation
breeding schemes, allowing researchers to test for effects of a
pharmaceutical on more than one gene at a time [108].

4 Looking to the Horizon

The future looks exciting for alternative testing. Alternative assays
can be used alone or in combination as a screening tool to predict
potential for in vivo developmental toxicity, and this should be
interpreted in the context of exposure. One can imagine using
micro-CT to image the morphology of cultured embryos, or robot-
ics systems for treating thousands of zebrafish embryos in microti-
ter plates with thousands of lead pharmaceuticals being evaluated
for their teratogenic liabilities. Rapid collection and analysis of
many dimensions of data on organ and tissue development from
each embryo using automated image capture and analysis would be
followed by comparing the phenotypes of affected embryos to
databases of mutant lines (generated by CRISPR /Cas9) to evaluate
potential mechanisms of action. Such information could inform the
production of new lead pharmaceuticals and enable well-informed
decisions on hazard assessment for other preclinical trials.
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Abstract

Reproduction is an extraordinarily complex biological process that requires the coordinated action of
multiple cell types over the course of several months in rodent to many years in humans. A proper execution
of the male and female reproductive programs is therefore crucial for the production of viable gametes and
the propagation of species. Mounting evidence highlights the exquisite sensitivity of reproductive pathways
to environmental influences. Therefore, there is a great need for comprehensive testing of environmental
chemicals to examine their effects on reproduction. To this effect, alternative animal models, such as the
nematode Caenorhabditis elegans, offer great advantages rooted in their biology which will be explored in
this chapter. We will introduce the use of C. elegans in toxicology, its reproductive features that can be
mobilized, and describe several validated assays that can greatly inform targeted mammalian studies.

Key words Alternative model, C. elegans, Toxicology, Germline, Reproduction, Apoptosis,
Immunofluorescence

1 Introduction

There is a growing need for the development of accurate and reliable
alternatives to traditional animal testing in toxicology. The reasons
for this are ethically, economically, and scientifically based. In addi-
tion to efforts in reducing the numbers of animals used in toxicology
assays, there is also interest in prioritizing a large number of com-
pounds for toxicological assessment. Specifically, a great number of
chemicals that are used routinely and in large quantities in industry
remain insufficiently tested or wholly so. This need is illustrated by
the toxicity testing in the twenty-first century initiative, an effort by a
number of governmental and academic laboratories to test a large
number of chemicals by a variety of methods including quantitative
high-throughput screening assays [1].

In addition to environmental and public health concerns, there
is significant economic pressure in the pharmaceutical industry to
develop low-cost, high-throughput assays to predict toxic liabilities
early on during drug development. Whole animal mammalian
models are generally time-consuming, expensive, and require rela-
tively large amounts of pharmaceutical material. These are
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prohibitive to performing toxicological studies at the early stages of
the drug development pipeline. Furthermore, these expensive stud-
ies do not necessarily predict the human response [2]. For all of
these reasons, it is imperative to develop efficient, predictive and
relevant alternative models in the field of toxicology.

In this chapter, we will discuss the use of alternative model
systems, focusing on the utility of the nematode Caenorbabditis
elegans as a model organism, to investigate the question of repro-
ductive toxicity. We will first discuss areas of toxicology in which C.
elegans has provided unique solutions to investigate toxicities at
both high-throughput and mechanistic scales. We will then focus
on reproductive toxicity and include the description and protocols
of three assays routinely used in the field. Overall, C. elegans will be
discussed in the context of a promising alternative model organism
used to assess toxicity while reducing the use and costs of tradi-
tional whole animal mammalian models.

2 Use of C. elegans in Toxicology

2.1 Genotoxicology

C. elegans has been a powerful alternative model organism used by
researchers over several decades. Worms are cheaply maintained in
culture dishes and growth from an egg to a fertile adult is fast,
approximately 72 h. The worm is small enough to use in 96- or
384-well plates for high-throughput assays yet, as a whole organ-
ism, it recapitulates many complex developmental, cellular, and
physiological features that are difficult to capture in such a short
time frame and/or in cell culture settings. Other advantages of
using the worm are related to the powerful genetic tools available.
The worm genome has been completely mapped [3] and is easily
manipulated by mutation or RNAi treatment. Additionally,
thousands of transgenic and mutant worm strains are available
from the Caenorbabditis Genetics Center (CGC) for minimal cost.

There are also distinct advantages to using C. elegansas a model
organism in toxicology assays. Treatment of worms with chemicals
can be performed on either solid agar or liquid media. Assessment
of toxicity is simplified by the transparency of the worm’s cuticle,
allowing for the observation of many endpoints without dissection
of the worm itself. Simply put, the utilization of C. elegans allows
for data to be collected in a whole, living organism at a similar
scale and methodology as that employed frequently in cell line
monocultures.

C. elegans has provided powerful tools to geneticists for many years.
Their practicality (small size, inexpensive upkeep, self-fertilization,
and quick generation time) combined with utility (fully mapped
genome and a variety of available genetic manipulation techniques)
in the laboratory makes worms particularly attractive to researchers
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2.2 Neurotoxicology

from both forward and reverse genetic approaches. DNA replica-
tion and repair machinery are well conserved in C. elegans, making
it a relevant model organism in reproduction and genotoxicology.

In both C. elegans and mammals, mitochondria produce the
majority of energy within a cell and are critical to normal cell
homeostasis based on their roles in aging [4, 5], apoptosis [6, 7],
and bioenergetics [8, 9]. Mitochondrial DNA is sensitive to both
chemical and ultraviolet exposure, in part because nucleotide exci-
sion repair (NER) is absent in mtDNA (reviewed in [10]). Exten-
sive work in this field has been done in C. elegans by the laboratory
of Dr. Joel Meyer in describing mtDNA damage and repair
mechanisms in response to genotoxicity [11-13]. When mtDNA
damage persists, RNA transcription and mitochondrial function are
compromised. These defects are enhanced when autophagy is
inhibited, suggesting that mitophagy contributes to the overall
health of the cell by removing dysfunctional mitochondria [14].
Ultraviolet exposure of human fibroblasts causes a similar induction
in autophagy as in the worm, suggesting that this process is con-
served [15]. Furthermore, mitophagy occurs in both mammals and
worms as a result of toxicant exposure or the generation of reactive
oxygen species in addition to mtDNA damage [16-18], validating
the use of C. elegans as a model to study these mechanisms of
mitochondrial dysfunction.

Although many developmental, reproductive, physiological,
and cellular pathways are generally well conserved in C. elegans
[19], it is important to recognize that other pathways are less so.
For example, the metabolism of genotoxins (and other chemicals)
may differ between worms and mammals as exemplified by the
relative genotoxic resistance of C. elegans to Benzo[a]pyrene due
to deficient bioactivation [ 11]. Thus, a certain rate of false negatives
may be expected in C. elegans screening assays, not unlike cell
culture experiments. However, metabolization differences can eas-
ily be circumvented by screening not only the parent compound
but also its active metabolites.

Worms are widely used in neurotoxicology studies for several rea-
sons. Their sensitivity to metal-induced and mitochondrial toxici-
ties as well as their limited but well-defined network of neurons has
made them an attractive model to study neuronal dysfunction. In
all, there are 302 neurons in the hermaphrodite worm, accounting
for approximately 30 % of all adult cells. Major neurotransmitters
are shared between humans and the worm including the serotonin,
acetylcholine, gamma amino butyric acid (GABA), and dopamine
(DA) systems. Thus, the worm provides a simple but conserved
neuron network for investigating neurotoxicity. The short life span
and transparency of C. elegans in combination with transgenic
green fluorescent protein (GFP) tagging of neurons make the
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2.3 High-Throughput
Screening

worm an appealing model system for assessing neurodegeneration
in vivo.

Neurodegeneration of DA-ergic neurons is well described in
the worm, of which there are eight in the adult hermaphrodite. DA
signaling is integral to worm locomotion and mechanosensitivity.
Neurodegeneration of these nerves results in parkinsonian-like
symptoms in C. elegans following exposure to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [20], rotenone [21], manga-
nese [22, 23], and other agents believed to promote Parkinson’s
disease in mammals. Similar to mammalian models, 6-hydroxydo-
pamine-induced toxicity is selective for DA neurons in worms and is
prevented by inhibiting the dopamine transporter [24], indicating
that C. elegansis a valid alternative model for studying mechanisms
of chemical-induced DA neurodegeneration.

C. elegans has been utilized as a model organism in several key areas
of toxicology in part due to its value in high-throughput screens. C.
elegans is a powerful organism to study gene regulation by using
RNAI screens and comparative genomics. One particular such
RNAI screen of 10,862 genes across three chromosomes of C.
elegans revealed 32 target genes affecting the expression of a Clec-
85:.9fp fusion protein in these transgenic worms [25]. Clec-851s a
C-type lectin regulated by several innate immune signaling path-
ways. To determine whether any of the 32 candidate genes affected
mammalian immune responses, RAW264.7 mouse macrophages
were treated with RNAI to each of the known mammalian ortho-
logs. Out of the 20 orthologous genes examined, eight were found
to be involved in interleukin-6 production. Thus, C. elegans is an
effective organism in which to identify potential biological targets
in vivo.

C. elegans can also be used in a high-throughput manner to
investigate the mechanism of action of toxicants in vivo. RNAi of
599 genes in C. elegans treated with either inorganic or organic
mercury revealed that knockdown of 18 genes in particular
increased the susceptibility to mercury toxicity [26]. Of these,
only two genes affected the toxicity of both mercurial forms, sug-
gesting that different genes are responsible for protecting against
inorganic and methyl forms. Further investigation of orthologous
genes in three human cell lines confirmed differential responses in
gene expression, a surprising finding since the mechanism of toxic-
ity was previously thought to be the same for both mercurial forms
based on similar toxic phenotypes—the production of oxidative
stress and mitochondrial dysfunction.

Use of C. elegans transgenic strains can be another particularly
useful tool used in high-throughput screening by exposing them to
environmental contaminants in a variety of media. In this way,
specific toxic mechanisms can be distinguished from complex mix-
tures of chemicals. For example, mutant strains deficient in
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particular metabolism, detoxifying or stress response proteins, are
selectively susceptible to toxicities affecting these perturbed path-
ways. This strategy has been used by Turner et al. in determining
toxic liabilities in watershed samples collected from coal mines
[27]. Taking advantage of the variety of mutant strains available
in C. elegans, the authors narrowed down the mechanisms of
observed toxicities in both stream and sediment samples by a simple
screening approach. Selected mutant strains each possessed a
single gene knockout rendering each sensitive to growth
impairment by one of several toxic mechanisms such as oxidative
stress, osmotic stress, or various metal exposures. The authors
concluded that while the observed toxicity in the stream water
was primarily due to osmotic stress, toxic effects elicited by sedi-
ment samples were primarily driven by the presence of metals or
metalloids [27]. In this way, C. elegans can act as “biological
sensors” when treated with environmental samples in a potentially
contaminated and dangerous area.

3 C. elegans as a Reproductive Model

Reproduction is perhaps one of most intricate biological processes
in organisms. Anomalies during reproductive processes have deep
consequences on the quality of the gametes and genetic informa-
tion being transferred to the next generation, thereby potentially
affecting the offspring’s development and physiological character-
istics. Furthermore, the tight connection of reproductive pathways
with development processes makes them inseparable in toxicology
studies. Hence, to investigate the impairment of the reproductive
function in males and females following exposure, toxicology stud-
ies need to consider processes not only taking place in adults but
also during embryonic and fetal development. Faced with the
complexity of biological events interconnected with reproductive
process and the high number of chemicals to assay, C. elegans ofters
clear advantages relying on its reproductive features.

The reproductive system of C. elegans hermaphrodite consists
of'a symmetrically arranged bi-lobed gonad. Each lobe is U shaped,
starting from the center of worm’s body in opposite directions and
both opening in a common uterus, itself connected to the outside
through the vulva. Since the processes of meiotic differentiation,
ovulation, and fertilization are spatially and temporally coupled in
C. elegans, each and every stage of germline development can be
observed at specific locations within the germline. Furthermore, all
stages of meiosis can be identified through the canonical changes in
nuclear architecture and morphology inherent to meiosis and are
easily visualized by DAPI nuclear staining. As illustrated in Fig. 1,
after mitotic proliferation while under the influence of the distal tip
cells (DTC), germline nuclei will exit the mitotic zone to initiate
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Fig. 1 lllustration of the reproductive system of C. elegans. (a) The anatomical localization of one arm of the

gonad. The gonad in the tail

is circled by the red line. The other gonadal arm is located on the head side of

the worm and is partially hidden behind the gut. (b) The illustrated structure of C. elegans’ gonad. Germline
nuclei progress from the mitotic end (distal end) to the proximal end of the gonad where oocytes are fertilized.
At the end of pachytene, the longest phase of meiotic Prophase |, abnormal nuclei are cleared by apoptosis
(red nucleus). DTC = distal tip cell. TZ = transition zone (leptotene and zygotene of Prophase )

the process of meiosis. While the nuclei display a circular morphol-
ogy in mitosis, in transition zone, or leptotene and zygotene of
Prophase I of meiosis, the nuclei become crescent shaped due to
chromosome pairing and the initiation of synaptonemal complex
formation (synapsis). At pachytene, the homologous chromosomes
being intimately connected to each other, the nuclei of germ cells
assume a characteristic shape where the presence of “tracks” is
evident. These tracks represent the pairs of homologous chromo-
somes connected by a number of proteins that make up the synap-
tonemal complex. Several crucial meiotic events happen in this
zone, namely the completion of synapsis and homologous recom-
bination which culminates in the formation of chromosome cross-
overs. The proper establishment of synapsis and repair of
programmed double-stranded breaks through homologous recom-
bination are monitored in the germline and apoptotic germline
nuclei are frequently observed in response to the quality control
checkpoints present in late pachytene. After exiting from pachy-
tene, germline nuclei progress through the two last remaining
stages of prophase I, namely diplotene and diakinesis, where chro-
mosomes condense further. At these stages, germline nuclei are
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lined in a single file and cellularize during diakinesis to form
oocytes. During this process, the synaptonemal complex disassem-
bles concomitantly to the condensation of chromosomes such as
that by the end of diakinesis, the homologous chromosomes are
held together by the chiasmata, the physical product of recombina-
tion. Therefore, at diakinesis, oocytes contain six pairs of homolo-
gous chromosomes that are clearly apparent. These oocytes will
move through the spermatheca, will be fertilized by sperms gener-
ated and stored earlier, and will be expelled into the worm’s uterus
where early embryogenesis begins. Early embryos become
encapsulated by the formation of a chitinous shell and laid to the
environment through the vulva as eggs.

4 Use of C. elegans in Reproductive Toxicology

C. elegans are particularly valuable in the laboratory as a model
organism involving reproductive toxicology studies. The worm
hatches from an egg, matures, and begins laying eggs of its own
in approximately 72 h. This is in contrast to mice and other mam-
malian species in which the generation time is upwards of 10 weeks
or more. During its reproductive life span of several days, a single
worm will give rise to between 250 and 350 oftspring through self-
fertilization. Because of these high numbers, researchers commonly
assess reductions in brood size as well as the growth of progeny
when assessing reproductive and developmental toxicities. These
endpoints are particularly attractive because they can be quantified
on microtiter plates and assessed using a biosorter in medium- and
high-throughput formats [28]. Thus, researchers have the oppor-
tunity to obtain data from a whole organism model in a screening
fashion that is otherwise typically reserved for cell monoculture
studies.

In general, the usefulness of high-throughput models is limited
to their predictability in assessing toxicity in higher organisms.
Boyd and colleagues assessed the accuracy of C. elegans in predict-
ing mammalian toxicity following exposure to a panel of seven
toxicants—three pesticides (diquat, paraquat, and parathion), two
drugs (caffeine and methadone), cadmium, and the mutagen ethyl
methanesulfonate (EMS). Using a biosorter, the authors estab-
lished EC50 values in order to quantify the concentration of each
chemical that reduced the number of offspring by 50 % over a 48 h
treatment period. To assess the predictability of the assay, the worm
EC50s were compared to rodent LD50 values. Parathion, cad-
mium, and methadone consistently ranked as the top three toxic
compounds among the C. elegans, mouse, and rat data [28]. The
most significant inconsistency was relatively minor: caffeine was the
least toxic substance in the worm, which was the third and second
least toxic in the mouse and rat, respectively. Overall, a strong
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correlation was found between the worm and rodent studies,
indicating that C. elegans brood size effectively predicted rodent
lethality in this chemical screen. Furthermore, the data suggest that
C. elegans represents a relevant and high-throughput alternative to
the use of vertebrate animals in the assessment of chemical-induced
toxicity.

As seen above, the gonad of the adult worm takes up a large
part of the body mass and houses hundreds of developing germ cell
nuclei. The large number of nuclei and short amount of time in
which they mature illustrate the distinct time and spatial relation-
ship of developing cells in the gonad that resembles an assembly
line within a factory. One can observe nuclei in various stages of
development within a single worm, an obvious advantage in asses-
sing meiotic defects during germ cell maturation. This strategy is
particularly helpful in determining mechanisms of germline toxicity
that are otherwise difficult to assess in mammals due to relatively
long gestational periods and low number of offspring.

One validated example of the use of C. elegans as an alternative
model in the investigation of reproductive toxicity involves expo-
sure to Bisphenol A (BPA). Worms exposed to BPA at doses equiv-
alent to those used in mammalian models have increased germline
nuclei apoptosis and high rates of embryonic lethality, the latter
being an indication of chromosomal missegregation [29]. These
events are similar to those observed in oocytes collected from BPA-
treated female mice [30]. Further experiments determined that
chromosome synapsis was impaired during meiosis and was asso-
ciated with disruption of double-strand break repair and enhanced
germline checkpoint activation in BPA-treated worms [29].
Together, the data suggest that the C. elegans model is a valuable
alternative to traditional whole animal models in investigating
germline defects and establishing mechanistic leads following
chemical exposure.

5 Methods

5.1 Apoptosis Assay

Apoptosis is a genetically regulated form of cell death occurring in
multicellular organisms and plays an important role in numerous
biological processes including embryogenesis, aging, and the regu-
lated process of cell division that leads to the production of
gametes: meiosis. It is in these respects that it differs significantly
from the cell death caused by acute cellular injury, termed necrosis.

In meiosis, cellular DNA damage and various environmental
stresses can trigger genome integrity checkpoints and induce apo-
ptosis [31], leading to germ cell loss and contributing to infertility.
Hence, monitoring the number of germline nuclei undergoing
apoptosis during meiosis is an important tool to investigate the
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Fig. 2 Apoptotic germ cell nuclei in the pachytene zone of C. elegans. (a) The corpses of apoptotic nuclei
appear in a round, bubble shape when imaged by DIC microscopy; (b) The apoptotic nuclei dyed with acridine
orange emit an intense fluorescent signal compared to neighboring nuclei, simplifying their observation.
Apoptotic nuclei are indicated by the red circles. The spermatheca also contains a few apoptotic cells in this
example

reproductive toxicity of interested chemical or environmental
agents.

Due to its transparency, C. elegans provides us a valuable system
for observing changes in meiotic apoptosis in a living whole organ-
ism. In particular, following staining of the worm with specific dyes,
the nuclei dying by apoptosis can readily be identified by fluores-
cence microscopy. Acridine orange (AO), a double-strand DNA
dye sensitive to DNA conformation change, stains the engulfed
apoptotic nucleus with a more intense fluorescence than surround-
ing living cells [32] (Fig. 2).

Compared with the other methods employed to monitor germ
cell apoptosis in C. elegans, such as the identification of apoptotic
corpses through DIC microscopy and use of the engulfment
marker Ced-1:fp strain and TUNEL assay, AO staining has several
unique advantages. First, as described below, the procedure is
simple and rapid. Second, AO is a cell-permeable dye and allows
worms to be recovered and propagated after the assay, making it
ideal for genetic screening. Finally, as there is no fixation required,
the normal morphology of the cells and nuclei can be maintained.

Although AO staining provides a straightforward method to
identify apoptotic nuclei in the germline, it cannot detect apoptosis
in engulfment-defective strains. This caveat can be circumvented by
using DIC microscopy to identify the residual corpses of apoptotic
nuclei [32]. Finally, it should be noted that the total number of
apoptotic nuclei can be influenced by the size of the germline.
Hence, the absolute number of apoptotic germline nuclei as well
as the number of apoptotic nuclei corrected by the total number of
cells in pachytene should be considered.
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5.1.1 Apoptosis Assay
by Acridine Orange (AO)
Staining

5.2 Nuclear
Morphology
Assessment by DAPI
Staining

10 myg/ml AO stock solution prepavation (100 mi)

1.
2.
3.

Dissolve 1 g of AO in 100 ml of ddH,O.
Vortex to dissolve and aliquot as desired.
Store at —20 °C and protect from light.

4. Thaw to room temperature before use and dissolve any existing

precipitate by vortexing.

Staining

1.

5.

Add 399 pl M9 solution containing an ample amount of OP50
E. coli into a 1.5 ml Eppendorf tube.

. Add 1 pl of AO stock solution to each tube to reach a final

concentration of 25 pg/ml AO.

. Pick 40-50 young adult worms into the tube.
. Seal the lid with parafilm and completely cover the tube with

foil to protect it from light.

Place the tube on a rotator for 2 h at room temperature.

Visualizing the apoptotic cells

1.

Use a glass Pasteur pipette* to mix the worms to ensure that
they are free of clumps of OP50 and let settle for 5 min.

. Remove most of the supernatant from the tube and discard.

Pipette remaining liquid onto the outer edges of a plate seeded
with bacteria.

. Keep the plate in the dark and let the worms recover while the

plate dries (10-30 min).

. After recovery, only pick the worms which move normally and

appear healthy for use in the following steps.

. Suspend 10-20 worms in 15 pl of M9 solution on a microscope

slide and place a coverslip on it.

. Locate the bend of the gonad in the worms with the help of the

DIC filter. Switch to the Fluorescein isothiocyanate (FITC)
filter to look for the bright green nuclei stained by AO.

. In each worm, count the number of stained nuclei in both arms

of the gonad.

*Note: Worms can stick to the wall of the tip if using plastic

pipette tips.

Since the processes of meiotic differentiation, ovulation, and fertil-
ization are spatially and temporally coupled in the C. elegans gonad,
the dynamic chromosomal structure changes that occur during
germ cell development can be observed. A single adult worm con-
tains developing germ cells in all stages of meiosis, providing a
unique system to study reproductive toxicology.
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Fig. 3 Chromatin of germ cell nuclei in different meiotic stages is visualized by DAPI staining. (a) Mitotic zone;
(b) Transition zone; (¢) Pachytene zone. Notice the round shape of germline nuclei in mitotic zone; the
crescent-shaped nuclei in transition zone and the presence of DNA tracks in pachytene making all these
stages easily distinguishable

4'6-diamidino-2-phenylindole (DAPT), a popular nucleic acid
stain, binds to dsDNA and emits a vivid blue florescence (wave-
length of 461 nm) under the excitation of ultraviolet light (wave-
length of 358 nm). The use of DAPI allows the visualization of
DNA morphology of germline nuclei in C. elegans without the
need for dissection, by observation through the transparent body
wall (Fig. 3). The blue florescent signal is also commonly used as a
counterstain during antibody staining as described in the following
method.

Although the procedure of DAPI staining is quite straightfor-
ward, a fixation process is still required to allow DAPI, a cell-
impermeable dye, to cross the cellular membrane and label DNA.
Therefore, Carnoy’s fixation, an ethanol-based fixative, is usually
used prior to staining. Also of note, since the excitation wave-
lengths of DAPI and certain GFPs (e.g., wtGFP and GFPuv) are
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5.2.1 DAPI Staining of G.
elegans

5.3 Examination of
Protein Expression
Kinetics in the
Germline by
Immunofluorescence

very close, fluorescence overlaps can occur and the GFP signal
could be quenched after an extended DAPI excitation.

Carnoy’s fixing solution preparation (10 mi)
1. 6 ml 100 % ethanol.

2. 3 ml chloroform.

3. 1 ml acetic acid.

Mix well and store in a brown glass bottle to minimize exposure
to light.

Worm fixation

1. Place a small drop (about 10 pl) of M9 solution onto a poly-
lysine charged slide.

2. Pick 20-30 worms (24 h post-14 stage) and suspend in the
M9.

3. Gently absorb the excess liquid with filter paper strips. Leave a
small amount of M9 to prevent drying out the worms.

4. Place two drops of Carnoy’s fixative onto the worms.

5. Air-dry and properly store the slide away from light before
DAPI staining.

DAPI staining
1. Add 40 pl M9 solution onto the fixed worms for rehydration.

2. Cover with an 18 x 18 mm piece of parafilm and incubate 1 h
in a humidified chamber.

3. Gently remove the parafilm and absorb remaining M9 solution
with filter paper strips.

4. Add 1/2 drop of DAPI solution with anti-fading agent (e.g.,
Fluoroshield or Vectashield) to the slide.

5. Apply a coverslip to the slide and seal with nail polish.

Antibody staining provides the most direct method to identify the
localization and distribution of a protein of interest at both cellular
and subcellular levels. Moreover, using specific antibodies allows
researchers to examine posttranslational modifications of protein,
such as phosphorylation or ubiquitination.

Since it has a transparent body and relatively low levels of
autofluorescence (with the exception of the intestine), C. elegans
provides the benefit of allowing the visualization of protein expres-
sion at the level of the whole organism. For example, the germline
can be stained by immunofluorescence for a protein named SYP-1
which shows dynamic expression during meiosis and thereby moni-
tors the process of synaptonemal complex formation (Fig. 4).
Although using GFP or other genetically constructed strains can
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Fig. 4 Synaptonemal component protein SYP-1 expression throughout the germline of C. elegans. (a) DAPI
staining of DNA; (b) SYP-1 staining; (c) Co-localization of DAPI and SYP-1. Expression of SYP-1 is evident from
the beginning of meiosis (transition zone)

5.3.1 Immunofiuore-
scence Protocol

also provide a relatively simple way to examine protein expression,
this strategy can result in abnormal regulation and expression of the
expressed GFP-tagged protein [33], making antibody staining the
most reliable method.

This technique comes with several challenges. Since both the
shell of the embryo and the cuticle of the worm are relatively
impermeable, freeze-cracking is often performed prior to staining.
This allows the antibody to penetrate the target tissue more effi-
ciently [34]. Dissecting the worms to extrude the gonad and gut
can also increase antibody access to the tissue [35]. This is per-
formed while live worms swim in a drop of M9, but can be simpli-
fied by the addition of 1 mM Levamisole to paralyze the worms.
It may be helpful to carefully practice these challenging steps before
performing the experiment.

4 % formaldehyde fixing buffer prepavation (10 ml)
1. 1 ml 10x PBS.
2. 800 pl 1 M HEPES (pH = 6.9).
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32 pl 0.25 M EDTA.

1,080 pl 37 % liquid formaldehyde.
160 pl 0.1 M MgSOsy.

6.928 ml ddH,O.

Prepare fresh for each experiment.

Gonad Dissection

1.

Place a small drop of 1 mM Levamisole in M9 solution onto a
poly-lysine charged slide (optional).
Pick 20-30 worms and suspend in the drop.

Use a surgical scalpel to cut each worm at the vulva or proximal
to either the pharynx/tip of tail to extrude the gonad.

. Fully extrude gonads by gently pipetting the solution up and

down.

. Put an 18 x 18 mm coverslip on the slide and proceed to

freeze-crack.

Freeze-crack and fixation

1.

N UL R W

At least 2 h before the experiment, prepare by placing an
aluminum block and a Coplin jar filled with methanol at
—80 °C.

. After gonad dissection, place the slide on the cold aluminum

block until the liquid freezes.

. Remove the coverslip by flicking it off with a razor.

. Immediately place the slide into cold methanol for 1 min.

. Dry the back and sides of the slide with a tissue.

. Quickly add 300 pl 4 % formaldehyde fixing bufter to the slide

and place in a humidified chamber for 30 min.

. Immerse the slide in PBST for 5 min and then proceed to

antibody staining.

Antibody staining

1.

2.

3.
4.

5.

Place slides in PBST solution with 0.5 % (w/v) BSA for at least
1 h to block nonspecific binding.

Add 25-50 pl of diluted primary antibody in PBST onto the
slides and cover with an 18 x 18 mm piece of parafilm. Place in
a humidified chamber overnight at room temperature.

Wash the slides three times by immersing it in PBST for 5 min.

Add 25-50 pl secondary antibody in PBST to the slide and
cover it with parafilm. Place it in a humidified chamber for 2 h
at room temperature.

Repeat step 3.
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6. Add 1/2 drop of DAPI solution with anti-fading agent to the
slide.

7. Apply a coverslip to the slide and seal.

6 Interpretation and Extrapolation of Data Generated in C. elegans

C. elegans diverged from the predecessors of mammalian species
several hundred million years ago. Hence, as mentioned above,
results obtained in the context of C. elegans assays should be
carefully validated in other species. It is important to note that
this is not specific to working with C. elegans, as multiple
approaches and several species are now recommended to better
predict human toxicity. It is also important to focus on pathways
and processes that are highly evolutionarily conserved such as the
ones guiding aging, neurotoxicity or, as described here, reproduc-
tive toxicity.

Ultimately, the benefits of using a tractable whole organism in
the context of a high-throughput assay clearly outweigh its evolu-
tionary distance. For example, due to a large germline and quick
generation time, C. elegansis an efficient organism to identify toxic
endpoints that typically occur at low frequency or require multi-
generational experiments. One illustration of this is the detection of
aneuploidies in developing oocytes. This process is simplified in C.
elegans by observing GFP positive embryos of Pxol-1::9fp worms
[36]. Pxol-1is expressed in male (XO) but not hermaphrodite (XX)
worms, indicating that the presence of GFP+ embryos is the result
of missegregation of the X chromosome. Importantly, this system
allows for assessment of chemical-induced aneuploidy in a high-
throughput fashion. Aneuploidies can also be assessed in oocytes
from the ovarian follicles of mice [37]. In contrast to worms, these
experiments are time-consuming and require isolation of viable
oocytes from mice of a specific age, making this strategy unsuitable
for a high-throughput screen.

To ensure that worm data can be properly extrapolated, it is
important that C. elegans studies are validated by either epidemio-
logical or mammalian experimental data. The latter approach was
used to validate the Pxol-1:;9fp worm model of chromosome mis-
segregation. Worms were exposed to a panel of chemicals with
varying mammalian reproductive toxicity and subsequently
assessed for the presence of GFP + embryos. Overall, worms
exposed to the selected chemicals strongly predicted mammalian
reproductive toxicity following a 65 h exposure (p = 0.008) [36].
Thus, it may be more advantageous to utilize C. elegans in large-
scale chemical screens and reserve the use of mice to confirm the
toxicity of individual chemicals.
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Data collected in C. elegans may also be strengthened by the
inclusion of additional endpoints. The above referenced aneugenic
screen was followed by an assessment of germline apoptosis follow-
ing chemical treatment. As discussed earlier in this chapter, an
increase in apoptosis of these nuclei is an indication of DNA check-
point activation during meiosis [31]. Eight out of ten aneugenic
compounds were successfully screened in C. elegans as detected by
an increase of apoptotic nuclei in the gonads of treated worms [36].
By contrast, nine out of ten non-aneugenic compounds did not
increase the number of apoptotic nuclei. Together, the combina-
tion of the apoptosis assay and the reporter-based high-throughput
assay gives strong evidence that compounds that are aneugenic in
mammals can be successfully screened by C. elegans in an accurate
fashion that is faster than can be performed in whole animal mam-
malian models.

7 Concluding Remarks

Key pathways are conserved in the worm including much of the
DNA replication and repair machinery, as well as mitochondrial
function. It is for these reasons that C. elegansis particularly popu-
lar with researchers in the fields of aging, genetics, and reproduc-
tion. Toxicologists are increasingly using worms in the laboratory
because of their broad utility and the relative quickness with which
experiments can be performed. There are distinct advantages to
using C. elegans in biological sciences due to the ease and inexpen-
sive nature of worm culture, fast generation time, transparent cuti-
cle, and the multitude of genetic tools available.

Though C. elegansis an appealing model for use in toxicology,
the importance of validating worm data with mammalian studies
must be stressed. With this in mind however, there are clear benefits
that C. elegans atfords that cannot be otherwise gained by using
traditional whole animal models. One of the greatest benefits of
using the worm is its value in high-throughput screens. Worms can
be screened following exposure to various chemicals by endpoints
such as survival, growth, and fluorescence in multiwell formats,
giving researchers the opportunity to examine a whole organism
by methods typically reserved for cell monoculture studies. This is
extremely important when considering the number of chemicals in
the environment and in industrial settings that have not undergone
sufficient toxicity testing. In conclusion, the use of C. eleganstalls in
line with the mandate of the existing Tox21 initiative and its use as
an alternative model has already yielded a positive impact on the
field of toxicology.
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Abstract

Embryonic stem cells (ESCs) respond to the majority of toxicological stresses by growing more slowly, and
a subpopulation of cells loses all of a subset of nuclear potency/stemness factors. Slowed growth and
potency factor loss occur despite culture of ESCs under conditions that favor proliferation and potency
maintenance. Stemness/potency factor loss enables the stem cells to differentiate to create essential first
lineage functions. Increase in the fraction of stem cells with potency loss and differentiation increase, in
response to diminished population growth, is called compensatory differentiation since increased differen-
tiation compensates for diminished population growth.

To take advantage of compensatory differentiation where the potency marker Rex1 undergoes perma-
nent stress-induced loss (Slater et al., Stem Cells Dev 23:3049-3064, 2014), a high throughput screen
(HTS1 ESC) has been created in ESCs. Using low-stress lentivirus infection and low-stress FACS isolation,
ESC lines were created that are transgenic for gene constructs that use either or both Rex1 potency factor
promoter to drive red fluorescence protein (Rex1-RFP) and/or Oct4 potency factor promoter to drive
green fluorescent (Oct4-GFP) (Li et al., Stem Cells Dev 25:320-328, 2016). Four independent assays
showed that control hyperosmotic stress caused Rex1-RFP to decrease. These assays were immunofluores-
cence, microplate reader, flow cytometry, and Western blot. In addition, Hoechst was used to assay cell
number at the start and end of treatment in order to quantitate growth rate. Since potency factor loss
enables differentiation increase then stress-forced differentiation should compensate for diminished stem
cell population size. Stress dose-dependent induction of decreased Rex1-RFP was similar to, and corrobo-
rated, by dose-dependent loss of endogenous Rexl protein. This assay shows promise in reporting
toxicological stresses.

Potency loss using Rex1-RFP has been quantitated and at a nonmorbid stress dose approaches a 20 %
increase over unstressed ESCs. The quantitation of the gain of differentiation in subpopulation size is
underway [Li et al., Development (manuscript in preparation)], and hypothetically is within the 20 % of
cells with complete (e.g., to the level of non-transgenic parental ESCs) Rex1-RFP loss. Four days after
fertilization the ESC lineage arises in the blastocyst stage embryo. At the same time the distinct placental
trophoblast stem cell lineage (TSC) also arise and these cells undergo a 50 % induction of giant cell
differentiation as measured by morphology, and gain of first lineage differentiated markers. For both
ESC and TSC, stress-forced potency loss and differentiation increase occurs despite culture conditions
that should maintain proliferation and potency. Thus these assays measure stem cells depletion due to stress
forced growth and potency decrease, and differentiation increase. Production of a TSC HTS is important as
this stress-forced differentiation is larger than ESC effects and is linked to events that are known to lead to
miscarriage.
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Introduction

Within 5 days after fertilization human and rodent embryos allocate
embryonic stem cells (ESCs) and placental trophoblast stem cell
lineages (TSCs) [1]. At this time the embryo enters the unique phase
of the mammalian life history of exponential growth when nearly all
cells proliferate and the first lineage differentiates in TSCs and ESCs to
produce nutrition-acquiring function [1, 2]. This period continues
through embryo implantation into the uterus, persists through gas-
trulation and lasts for weeks in first trimester human pregnancy.

The strategy of the early embryo is to expand rapidly in size and
differentiate subpopulations of cells to carry out minimal essential
functions for embryo survival. This is illustrated well by the need
for first placental lineage antiluteolytic hormones to increase rapidly
after implantation or the embryo undergoes menstrual loss |3, 4].
Endocrine antiluteolytic hormones from the implanting embryo
sustain the corpus luteum of the ovary or it degenerates. In turn
the corpus luteum produces endocrine hormone progesterone that
returns to the implantation site and induces the uterine glandular
epithelium to continue secreting nutrients apposite the rapidly
growing embryo. It is clear that the first differentiated lineage
from the ESCs in the embryo also acquires nutrients [5, 6]. This
is the superficial extraembryonic yolk sac endoderm (XEN) which is
necessary to sustain [5] the adjacent, underlying ESC lineage. We
think that for either ESCs or TSCs, stress induces runting—
diminished stem cell population expansion—that is compensated
by forced differentiation to create minimal essential nutrition
acquisition mediated by first differentiated lineage cells.

Many toxicological and other stressors slow growth of the
embryo during the period of exponential growth. Paradoxically
the smaller-than-normal stem cell population further reduces
stem cell number by forcing nuclear potency/stemness factor loss
and induction of differentiation to first lineage in ESCs [7] and
TSCs [8-11]. This forced differentiation occurs in the presence of
conditions that should maintain potency, but stress blocks potency
to create extraembryonic lineages that acquire nutrition for the
rapidly growing embryo [12, 13]. If the stress-induced runting
and forced differentiation is too great it is likely that the embryo
is lost and miscarries due to insufficient first lineage function. These
two stress-induced responses also occur in TSCs [9-17], but in
TSCs a third phase of the response has been characterized and this
is irreversible differentiation of over half of the stem cells [14]. If all
three steps occur in the embryo in vivo, this would likely lead to
miscarriage.
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In a previous study it was shown that robust, nonmorbid levels
of stress in ESCs cause loss of four nuclear potency factors, Oct4,
Sox2, Nanog, and Rex1 by 4 h of stress, but that all, save Rex1, had
rebounded to unstressed baseline levels by 24 h [7]. Although the
ESCs are cultured using conditions that normally maintain high
levels of proliferation and potency, nonmorbid stress forces decreased
proliferation and potency/stemness factor loss despite these condi-
tions. Thus for both lineages in the early embryo, stem cells are lost
in two ways, by decreased growth and increased differentiation.

To create a high throughput screen (HTS), ESCs were made
transgenic for Rex1-RFP, Oct4-GEP, or both [18]. It was shown by
immunofluorescence, microplate reader, flow cytometry, and
immunoblot that as cell growth diminishes the number of stem
cells with potency loss increases in proportion to increasing stress.
As in the previous study Rexl-RFP (aka ESC HTS1) reports a
chronic loss (i.e., after three days of stress) of potency but Oct4-
GFP reporter does not. Early tests of larger toxicant sets, such as a
17 toxicant subset of a set previously used in an ECVAM (European
Committee for Validation of Alternate Methods) stem cell valida-
tion [19], show promise in ESC HTS1 (see Section 3.5.3). It is the
ESC HTSI1 using Rex1-RFP that we describe here.

It should be noted that other toxicological tests have been
developed using ESCs; however, these tests remove conditions
(e.g., the growth factor LIF) during cell culture that promote
proliferation and stemness/potency for 1-3 weeks prior to adding
toxicants. Thus, these tests predifferentiate ESCs to feature high
subpopulations of cardiomyocytes (i.¢., or hepatocytes or neurons)
and are thus not really performing a stem cell test but a test on
developmental cardiotoxicity [20-22] or for other differentiated
cell types. Organ-specific developmental toxicology is an important
application of ESC technology. But naming these toxicity assays
ESC assays is about the same as naming in vivo D.A.R.T. (Develop-
mental and Reproductive Toxicology) assays “lab chow” assays.
Lab chow is permissive to female lab animals supporting pregnancy
and toxicologists testing, as ESCs are permissive to enabling differ-
entiation to many cell types and testing toxicity on those cells. But
much current use of ESC for high throughput screens is actually a
testing of differentiated parenchymal cells from the ESCs, but not
the ESCs themselves.

Thus, there are several important advantages in testing ESCs
maintained as ESCs. One advantage is that nonmorbid stress may
leave stress memories in ESCs and these cells then differentiate into
primordial germ cells and then into oocytes and sperm that carry
the toxicological stress via epigenetic memories into multiple future
generations. ESCs maintained as ESCs during stress testing go on
to make primordial germ cells that produce oocytes and sperm as
well as all the other parenchymal lineages in the adult. A second
advantage is that ESCs (as well as TSCs) appear to prioritize difter-
entiation under stress. This means that when stress forces potency
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loss, resulting differentiation is to first lineage at the deficit of later
lineages [12]. Although not fully proven in vitro, and awaiting
in vivo tests, later lineages such as cardiomyocytes may also be
decreased indirectly by directly stressing ESCs. Finally a third advan-
tage is that ESCs may have an expected stress response; with pro-
longed stress irreversible differentiation occurs. Both hyperosmotic
[10] and hypoxic stress [ 14 ], leads to irreversible TSC differentiation
with either high stress level or long duration. If irreversibility is a
property of stressed ESCs, this phenomenon might lead to miscar-
riage. Thus, HTSs in TSCs and ESCs may ultimately test toxicologi-
cal exposures that cause miscarriage. We describe here the patented
assay using Rex1-RFP (HTS1 ESCO) but not other patented assays
for a first ESC lineage promoter or first lineage TSC promoter
driving GFP (HTS2 for ESC and TSC, respectively).

2 Materials

2.1 Media and
Solutions

2.1.1  Dulbecco’s High
Glucose Modified Eagles
Medium (We Use
HyClone®)

Glycine, 30 mg/L

L-arginine hydrochloride, 84 mg/L
L-cystine 2 HCI, 63 mg/L

L-glutamine, 584 mg/L

L-histidine hydrochloride-H20, 42 mg/L
L-isoleucine, 105 mg/L

L-leucine, 105 mg/L

L-lysine hydrochloride, 146 mg,/L
L-methionine, 66 L-phenylalanine, 30 mg/L
L-serine, 42 mg/L

L-threonine, 95 mg/L

L-tryptophan, 16 mg/L

L-tyrosine disodium salt dehydrate, 104 mg/L
L-valine, 94 mg/L

Choline chloride, 4 mg/L

D-calcium pantothenate, 4 mg/L

Folic acid, 4 mg/L

Niacinamide, 4 mg/L

Pyridoxine hydrochloride, 4 mg/L
Riboflavin, 0.4 mg/L

Thiamine hydrochloride, 4 mg/L

i-inositol, 7.2 mg/L

Calcium chloride (CaCl,) (anhyd.), 200 mg/L
Ferric nitrate (Fe(NO3)39H,0), 0.1 mg/L
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2.1.2  MEM Nonessential
Amino Acid Solution 100x
(We Use Sigma®)

2.1.3 ESC Growth
Medium

2.1.4 Dulbecco’s
Phosphate Buffered Saline
(We Use HyClone®)

2.1.5 Dulbecco’s
Phosphate Buffered Saline
with Calcium and
Magnesium (We Use
HyClone®)

Magnesium sulfate (MgSOy4) (anhyd.), 97.67 mg/L
Potassium chloride (KClI), 400 mg/L

Sodium bicarbonate (NaHCO3), 3700 mg/L

Sodium chloride (NaCl), 6400 mg/L

Sodium phosphate monobasic (NaH,PO4-H,0), 125 mg/L
D-glucose (Dextrose), 4500 mg,/L

Phenol red, 15 mg/L

L-alanine (free base), 890 mg/L
L-asparagine H,O, 1500 mg/L
L-aspartic acid, 1330 mg/L
L-glutamic acid, 1470 mg/L
Glycine, 750 mg,/L

L-proline, 1150 mg/L

L-serine, 1050 mg/L

Dulbecco’s High Glucose Modified Eagles Medium
Supplemented with 1 x MEM nonessential amino acid solution
L-glutamine, 1 mM

Sodium pyruvate, 1 mM

B-mercaptoethanol, 7 pL.

Penicillin, 100 unit/mL

Streptomycin, 100 pg/mL

Millipore® ESC-qualified EmbryoMax fetal bovine serum,
150 mL/L

Millipore® ESC-qualified ESGRO® Leukemia Inhibitory Factor
(LIF), 1000 unit/mL

Potassium chloride (KClI), 200 mg/L
Potassium phosphate monobasic (KH,PO4), 200 mg/L
Sodium chloride (NaCl), 8000 mg/L

Sodium phosphate dibasic (Na,HPO4-7H,0), 2160 mg/L,
pH 7.4.

Calcium chloride (CaCl,) (anhyd.), 100 mg/L
Magnesium chloride (MgCl,-6H,0), 100 mg/L
Potassium chloride (KClI), 200 mg/L

Potassium phosphate monobasic (KH,POy), 200 mg/L
Sodium chloride (NaCl), 8000 mg/L

Sodium phosphate dibasic (Na,HPO4-7H,0), 2160 mg/L,
pH 7.4.
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2.1.6 Gelatin Solution

2.2 Cell Culture Ware

2.3 Cell Lines

2.4 Lentiviral
Particles and Cell
Infection

2.5 Additional
Reagents

2.6 ECVAM ESC Test
[19, 28, 29]
Embryotoxic Stressors

2.6.1 Strongly
Embryotoxic Group

2.6.2 Moderately
Embryotoxic Group

The EmbryoMax 0.1 % gelatin solution has been optimized and
validated for Stem cell culture & is available in a 500 ml format
(EMD Millipore, Billerica, Massachusetts).

Cells are routinely cultured in 100 ml or 60 ml tissue culture
treated dish (Santa Cruz Biotech, Dallas, TX). For stress treatment,
cells are cultured on 6-well plates, black 96-well flat bottom plates
or clear round bottom 96-well plates (Costar, Corning, NY). All
cell culture plastics are precoated with 0.1 % gelatin solution for
30 min at room temperature.

Germline competent mESC-D3 cells were purchased from ATCC
(Manassas, VA). mESC-D3 ESCs [23].

Rex]l promoter reporter lentiviral particles that express the red
fluorescent protein mApple were from Allele Biotechnology (San
Diego, CA). The Rex1-RFP reporter construct uses the mouse 0.7-
kb minimal response promoter for F9 teratocarcinoma, used in
human ESC to drive GFP [24]. Oct4 promoter reporter lentiviral
particles that express the green fluorescent protein copGFP and
TranDux™ transduction reagent were from System Biosciences
(Mountain View, CA). The Oct4-GFP reporter construct replacing
the mouse 2.3-kb minimal promoter for ESC and mouse blastocyst
ICM was defined previously [18, 25]. Virus infection of ESCs
followed the manufacturers’ instructions. These may include either
beta-lactamase or luciferase [26, 27], instead of GFP or RED.

Hoechst, Invitrogen (Grand Island, NY)

BCA protein assay reagents were from Thermo Scientific (Rock-
ford, IL).

Positive control for forced potency loss: Sorbitol, Sigma, in culture
medium

Hydroxyurea, Sigma, in DMSO
6-aminonicotinamide, Sigma, in DMSO
3-bromo-2-deoxyuridine, Sigma, in DMSO
Methotrexate, Sigma, in DMSO
Methylmercury chloride, Sigma, in DMSO
All trans retinoic acid, Sigma, in DMSO

Boric acid, Sigma, in DMSO

Salicylic acid sodium salt, Sigma, in water
Lithium chloride, Sigma, in water
Dimethadione, Sigma, in DMSO
Valproic acid (VPA), Sigma, in DMSO

Methoxyacetic acid, Sigma, in water
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2.6.3 Nonembryotoxic
Group

2.6.4 AMPK-Modulating

Acrylamide, Sigma, in water

Dimethyl phthalate, Sigma, in DMSO
D-(+)-camphor, Sigma, in DMSO
Diphenhydramine hydrochloride, Sigma, in water

Penicillin-G sodium salt, Sigma, in water

Coenzyme Q10 (CoQ10), Sigma, in DMF

Diet Supplements Group BioResponse 3,3'-diindolylmethane (BR-DIM), BioResponse
Nutrients, LL.C., in DMSO
Metformin, CVS/pharmacy, in water
Sodium salicylate, Sigma, in water
Resveratrol, (Resvitale), in DMSO
3 Methods

3.1 Generation of
Mouse Transgenic
ESCs with Single- or
Double-Viable Potency
Activity Reporters by
Low Stress Protocols

When possible, our goal is to create reporter stem cells using
protocols that maintain a low stress history. This is done by avoid-
ing (1) electroporation or cationic lipids that kills or stresses a
majority of cells and instead uses receptor-mediated lentivirus infec-
tion and (2) selection by antibiotic resistance which creates crisis
events and instead we use FACS to select cells expressing potency
reporters without death [18]. The starting confluence of cells is
20 % or 100,000 cells per well to allow most of the cells to prolif-
erate after virus infection, as proliferation is required for the virus
mediated transgene to integrate into the cellular genome. The cells
are incubated in 37 °C for 2-3 h for attachment and readiness for
virus infection. A virus infection medium is made by mixing Oct4
and/or Rex]l promoter reporter lentiviral particles into a regular
growth medium supplemented with 1x TransDux. The infection
medium is applied to mESCs at 400 mL per well. After infection,
the cells are cultured for 3 days to allow the expression of the
fluorescent reporter proteins. After expansion of the total cell num-
ber by passaging, the infected cells are subjected to FACS sorting
using a BD FACS Vantage SE cell sorter (BD Biosciences, San Jose,
CA) to obtain pure fluorescent cells. Heterogeneity may reestablish
after culturing for too many passages. In this case, the normally
small population of fluorescent dim cells should be monitored and
evaluated under fluorescent microscope. The best solution of this
problem is to use cells that have small passage numbers. Reporter
ESCs can also be subject to re-FACS to isolate and expand to regain
nearly quantitative expression of viable reporter fluorescence
transgenes.
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3.2 Transgenic ESC
Culture and Test Drug
or Toxicant Treatment

3.3 Determination

of Potency Reporter
by Fluorescent Plate
Reading

Transgenic germline-competent mESC-D3 cells are cultured in
the absence of feeder cells in DMEM supplemented with 15 %
mESC-screened fetal bovine serum, 2 mM 1-glutamine, 1 mM
sodium pyruvate, 1 mM nonessential amino acids, 0.1 mM
2-mercaptoethanol, and 1000 U/mL murine LIF on 0.1 %
gelatin-coated dishes at 37 °C in humidified air with 5 % CO,.
mESCs are passaged onto 96-well plates and cultured overnight
after passaging before stimulation with drugs. The standard time of
drug treatment is 3 days. Osmolality of ESC media and LIF with
added 200 mM sorbitol is used as the standard positive control of
stress-forced potency loss. ESCs cultured with the normal growth
medium with LIF but without drug are used as the standard
negative control for normal potency and proliferation maintenance.

In addition to the above 3-day controls, a time zero control is
also included by setting aside a plate with the identical amount of
cells as in the 3-day stress plates. These cells on the time zero plate
are assayed and terminated from culture at the start of toxicant
exposure or control stresses. Then the time zero cells are deter-
mined for unstressed potency reporter and for Hoechst-stained
nuclei. The time zero reporter signal is used to evaluate the starting
potency level. The time zero Hoechst-stained nuclei signal is used
to evaluate the changes of cell growth rate under different drugs as
after fluorescence reading at time final. The doubling rate from
time final—time zero is then determined for each dose.

After toxicant treatment, the cells are briefly rinsed with DPBS with
calcium and magnesium, 100 pL per well, aspirated and another
100 pL of DPBS with calcium and magnesium is added per well and
the plate is ready for plate reading. The excitation and detection
peak wavelengths for Rexl-mApple are 568 nm and 611 nm,
respectively. The optimal day for measurement of Rex1-RFP is
identified as 3 days by a time course experiment in which 3 day
time point showed the substantial reduction of fluorescence
without significant change of the cellular phenotype or increased
morbidity (for details, refer to “Notes” (Section 4) below, also refer
to [18]). The excitation and detection of peak wavelengths for
Oct4-copGFP are 485 nm and 528 nm, respectively. After live-
cell reading, the cells are stained with 5 pM of Hoechst 33342 in
DPBS with calcium and magnesium, 50 pL per well, for 30 min at
37 °C incubator. The cells are briefly rinsed with DPBS with
calcium and magnesium, 100 pL per well, aspirated and another
100 pL of DPBS with calcium and magnesium is added per well and
the plate is ready for plate reading of Hoechst stained nuclei. The
excitation and detection peak wavelengths for Hoechst 33342
stained nuclei are 392 nm and 440 nm, respectively. The time
zero plate of cells are determined for potency reporter and for
Hoechst stained nuclei.
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3.4 Fluorescence
Data Analysis

3.5 Validation of the
Hoechst Staining with
the Protein
Concentration
Determination

The raw reading of the red (Rex1-RFP) or green (Pdgfra-GFP)
reporter fluorescence is normalized to the blue fluorescence of the
Hoechst-stained nuclei from the cells. The Pdgfra-GFP ESC line
was a kind gift from Dr Kat Hadjantonakis and Jerome Artus
[30-32] who previously characterized this GFP knocked into the
ESC first lineage marker Pdgfra. We have adapted this to comple-
ment assays for stress-forced Rex1-RFP or Rex]1 endogenous pro-
tein loss [7, 18], and FGF5 decrease [7], which together indicate
that Pdgfra /first lineage should occur.

This red-blue ratio represents the average potency level per cell
or green/blue value represents the average first lineage differentia-
tion level per cell. Any decrease of the red /blue or increase of the
green/blue value reflects the potency loss or differentiation gain
under cellular stress treatment. To compare the results from differ-
ent independent biological experiments, the red-blue ratio or
green/blue values from drug- or toxicant-treated cells (with LIF
present) are further normalized to that of transgenic reporter ESCs
without drugs (LIF+ control). To evaluate the cell growth rate, the
blue fluorescence from each dose treated, 3-day cultured cells is
compared to that of the time zero cells. This comparison reveals
whether or not there is a dose-dependent cell growth or negative
growth at higher doses of some com. For example, if the doubling
time of the ESC line is 24 h under normal culture condition, any
longer doubling time under drug treatment is considered to be
growth inhibition.

Total protein determination of the cell lysate from a culture well
was initially used to represent the total cell number in the well.
However, protein concentration determination is tedious, time-
consuming, insensitive and precludes time zero measurements
when there are few cells, potentially introducing more variables
from multiples steps of pipetting and most importantly, not suitable
for viable cell monitoring. We have proved that the protein con-
centration determination can be replaced by the fluorescence plate
reading of Hoechst 33342 stained nuclei. Hoechst staining of the
nuclei provides with an easier, faster and viable way to monitor the
total cell number in a culture well (Fig. 1).

Hoechst 33342 is a cell membrane permeable nucleus dye that
can be used for staining live cells . Hoechst-stained cells emit strong
blue fluorescence that can be easily determined using a fluorescent
plate reader. However, the perfection of the Hoechst staining
method was validated with the widely used protein concentration
determination.

The validation of Hoechst staining with protein concentration
determination is carried on in drug-treated cells. Since sorbitol is
our positive control for forcing potency loss, differentiation gain
and growth decrease on stem cells cultured under conditions that
maintain potency and proliferation, we used incremental
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A. Typical dose-response lines
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Fig. 1 Rex1 promoter reporter transgenic cells were plated and stressed on 96-
well plates with incremental concentrations of sorbitol for 3 days. The cells were
first recorded for blue fluorescence. Then the cells were stained with Hoechst
and recorded for blue fluorescence. Panel (a) shows a graph of dose responses
for protein and Hoechst and the EC50s are compared in panel (b). We use
compound only, parental ESC, and Reporter ESC (Rex1-RFP ESC) 96-well plates
exposed to ECVAM, and AMPK modulator toxicant sets to define compound
or cellular process autofluorescence independent of reporter fluorescence,
and then adjust reporter fluorescence by subtracting the two unwanted
autofluorescence magnitudes

concentrations of sorbitol to do the validation. “Dose-response”
graph trend lines follow logarithmic or reverse sigmoidal curves.
The EC50s are calculated using Microsoft Excel software (MS
Office 2010).

The reporter fluorescent readings are first normalized to the
Hoechst stained nuclear fluorescence (red/blue or green/blue)
or to the total protein (red/protein or green/protein). Two
dose—eftect lines, one normalized to Hoechst staining (currently)
and the other normalized to protein concentration (previously), are
obtained in this way. Correspondingly, two EC50s are calculated
from the two dose—effect lines. No significant difference between
the two EC50s proves the perfect validation of the Hoechst stain-
ing with the protein concentration determination. Cell autofluor-
escence in the Blue emission spectrum is discussed in Note 4.
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3.5.1 Preparation of
Media with Incremental
Concentrations of Drugs

3.5.2 Cell Culture and
Drug Treatment

3.5.3 Testing the ECVAM
Toxicant Set Previously Use
to Validate Embryonic Stem
Cell Toxicity Assays

There are ten incremental sorbitol concentrations for positive
control stress (with LIF present): 16, 23, 35, 53, 79, 119, 178,
267,400, 600 mM, with an increment of 2 /3 and a total 38-fold
change in concentration. To make these concentrations, arrange
ten tubes. Add 1 volume of growth medium into one to nine
tube. Prepare 3 volumes of 600 mM sorbitol in the #10 tube.
Transfer 2 volumes of medium from #10 tube into #9 tube, mix
thoroughly. Then do the same serial dilution for the rest of the
tubes.

For ECVAM drugs from a previously validation using non-
transgenic mouse ESCs [33], we set up ten incremental concentra-
tions with an increment of 1/3. To make the serial dilutions,
arrange ten tubes. Add 1 volume of growth medium into one to
nine tube. Prepare 2 volumes of the highest concentration of drug
medium in the #10 tube. Transfer 0.5 volumes of medium from
#10 tube into #9 tube, mix thoroughly. Then do the same serial
dilution for the rest of the tubes. Some drugs may need a different
set of dilutions for best evaluation.

Transgenic ESCs are passaged onto 96-well plates at 10 % conflu-
ence to acclimate and grow overnight to reach ~25 % confluence at
Tzero [18]. The cells are then subjected to incremental concentra-
tions of sorbitol treatment for 3 days.

The Rex1-RFP assay was based on testing of ESC responses to
hyperosmotic sorbitol using embryonic stem cells [7] after hyper-
osmotic stress was used to characterize placental stem cell (TSCs)
responses [9, 10, 15, 17] and the responses of the embryo [10, 15,
34] that give rise to ESCs and TSCs. Rex1-RFP was validated by
four assays using the hyperosmotic stress dose response of Rex1-
REP in the high throughput screen (HTS) [18]. Assays by micro-
plate reader agreed with the Rexl protein outcomes assayed by
immunoblots and reported previously [7]. Also the lack of stress-
induced decrease of Oct4-GFP after 3 day of culture in the HTS
here [18] agreed with the lack of a decrease in endogenous Oct4
protein at 24 h reported previously [7].

In these studies and patent (WIPO PCT; WO 2016 025510
Al) Rex1-RFP was normalized to protein to obtain stemness/
potency per cell. As described in Section 2, we next used a training
set of 17 compounds previously validated in a multi-lab ECVAM
study [19, 28, 29, 33] that used parental D3 ESCs previously
derived by Doetschmann and colleagues [23]. Our transgenic
Rex1-REP, Oct4-GFP transgenic and parental cells are also D3
mouse ESCs [7]. Since protein assays are not sensitive enough to
assay cell number at time zero in this earlier study we used a
comparison of highest and lowest protein amounts at the end of
culture. Our experimental design is to study toxicity effects on
living cells and we exclude high doses of any compound where
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the highest dose produces 10 % or less of the average protein at the
three lowest doses. Since doubling rate is approximately 24 h for
D3 ESCs, then there should be 2° = 8 times more cells and protein
in lowest stress compared with highest doses, where the dose of
toxicant may decrease or stop growth from time zero on. To
simplity calculations instead of 1/8th = 12.5 % we use a 10 %
cutoff for high doses of toxicants that create no growth or negative
growth (e.g., creating morbidity or death). In the next section we
report improved direct measurements of cell number at time zero
and time final using Hoechst to replace protein assays. This pro-
duces a direct measurement of growth rates. In this section we
analyze the effects of 17 toxicants previously tested in and
ECVAM validation [19] of toxicological responses of ESCs.

All 17 toxicants previously tested by Genschow etal. [19]1in the
ECVAM ESC validation caused protein loss at high doses com-
pared with low doses and thus these slowed growth in our tests
(Table 1, column 7). Approximately 76 % (13/17) ECVAM tox-
icants had high doses with fewer estimated cells than at time zero—
that required exclusion of some high doses. The high doses pro-
ducing loss of protein compared with unstressed were evenly spread
in the three ECVAM groups: 4/6, 4/6, and 5/6 in the strong,
weak, and nonembryotoxic groups, respectively. It should be noted
that all 17 ECVAM toxicants [19, 33] were added to ESCs with
LIF present under culture conditions optimized to produced
potency and proliferation. Thus higher doses of toxicants may
override these conditions and force loss of proliferation and
potency/stemness of the ESCs (e.g., we define that “forced”
means that potency loss occurs despite the presence of LIF which
should maintain potency/stemness). If this occurred in an embryo
one pathological response would be runting—decreased stem cell
population—and a proportional increase of stem cells losing
potency to compensate for fewer cells. Loss of stemness/potency
indicated by Rex1-RFP decrease would indicate ability to differen-
tiate, but actual differentiation requires a second assay and we are
currently validating is a Pdgfra-GFP ESC line to test for the mag-
nitude and subpopulation size of overt stress-forced differentiation
[35]. Suffice to say that two pathologies operate due to stress,
depletion of stem cell population growth by lessened doubling
time and by forced differentiation. This may lead to miscarriage,
runting, or diseases of later prenatal or postnatal development.

In Table 1, Column 1 shows that 5/6 strong ECVAM embry-
otoxic toxicants and 4/6 weak embryotoxic toxicants caused
potency loss (e.g., lowest dose subtracted from highest dose)/cell
after a three day exposure. Only 1 /5 nonembryotoxic compounds
cause potency loss. In column 2 an analysis of decile rankings of
potency loss show that weak embryotoxic has lowest potency loss.
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Column 3 shows that 2/6 strong and weak embryotoxic com-
pounds cause more potency loss than maximal sorbitol mediated
hyperosmotic stress—forced differentiation (e.g., with LIF pres-
ent), but 0/5 nonembryotoxic compounds caused greater potency
loss than stress-forced differentiation. Column 4 shows that 4,/6
strong and weak embryotoxic compounds cause more potency loss
than normal differentiation (e.g., without stress but with LIF
removal), but 0/5 nonembryotoxic compounds caused greater
potency loss. Columns 5 compared with 6 shows that 12/17
(71 %) compounds had a lower IC50 for potency loss than toxicity
measured by Genschow et al. and 5/12 (29 %) had a higher IC50.
This is expected since potency loss assays focus on submorbid
events and typically occur at lesser toxicant doses.

In the Rex1-RFP assay, the nonembryotoxic group is marked
by lack of potency loss compared with stress-forced differentiation,
normal differentiation, and very low IC50s for change in potency
compared with baseline. Strong and weak embryotoxic groups
appear similar in regard to potency loss, but the strong group
undergoes potency loss at low IC50 concentrations.

Toxicologically, our findings are similar to those from Stemi-
na’s metabolomic stress findings; that the ECVAM strong and weak
embryotoxic groups are more similar than different [36, 37].
However, it is clear that the strong embryotoxic groups have the
lowest IC50s for forced potency loss in our potency loss HTS and
in the cytotoxicity assay from Genschow and colleagues. Surpris-
ingly, since all toxicants cause cell growth rate suppression, the
nonembryotoxic stresses may actually not participate in enzyme
mediated compensatory differentiation described for positive con-
trol hyperosmotic sorbitol and all other stressors tested to date in
TSC assays and in stress induced potency/stemness loss in two-cell
stage and blastocyst stage embryos [15, 38, 39].

Taken together the data show a reduce-to-practice use of Rex1-
RFP to assay stress-forced potency loss by important drug and
environmental toxicants. These findings may contribute to efforts
to understand developmental and reproductive toxicants for devel-
opmental biologists, reproductive scientists, pharmacologists, and
toxicologists. Loss of stemness/potency due to drugs such as aspi-
rin and metformin and diet supplements such as BR-DIM occurs in
whole embryo culture of embryos producing ESCs and embryos
leading to the stage when ESCs are produced [15, 38]. Rex1-RFP
potency loss reporter ESCs should be able to emulate whole
embryo culture and in vivo gestational embryonic toxicological
responses.
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3.5.4 Trend Line and
EC50 Calculations for
Protein- and Hoechst-
Based Assays Cell Growth
for Hyperosmotic Stress

3.5.5 Trend Line and
EC50 Calculations for
Protein- and Hoechst-
Based Assays Cell Growth
for AMPK Modulators

To replace the insensitive protein measurements for cell number
used in Section 3.5.3, fluorescent measurement of Hoechst is done.
The potency reporter fluorescent readings are first normalized to
the Hoechst stained nuclear fluorescence (Red Rex1-RFP/blue
Hoechst) and then are normalized to the previously used total
protein (Red/protein) using the standard positive control hyper-
osmotic stress (e.g., sorbitol used previously for ESCs, TSCs and
embryos [7,9-11, 15,17, 34]). Two dose—effect lines are obtained
in this way. Correspondingly, two EC50s are calculated from the
two dose—effect lines. No significant difference between the two
EC50s proves the validation of the fluorescent plate reading of
Hoechst stained cells with total protein determination (Fig. la, b).

At the end of the culture with AMPK modulators (CoQ10 BR-
DIM, Metformin, Salicylate /Aspirin in Fig. 2a), the cells were first
read for both potency reporter fluorescence and Hoechst stained
nuclear fluorescence as described in Section 3.5.4. The cells were
then lysed with RIPA lysis buffer supplemented with proteinase
inhibitors, 100 pL per well. The cell lysates were briefly sonicated.
10 pL of the lysate was mixed with 100 pL of BCS protein assay
reagent in the well on a new 96-well plate and incubated at 37 °C
for 30 min. Bovine serum albumin was used for making the

A. Blue fluorescence after Hoechst staining
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B. Blue fluorescence before Hoechst staining
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Fig. 2 Rex1 promoter reporter transgenic cells were plated and stressed on
round bottom 96-well plates with incremental concentrations of drugs for 3
days. The cells were first recorded for blue fluorescence (panel b). Then the cells
were stained with Hoechst and recorded for blue fluorescence (panel a)
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standard at incremental concentrations of 0.08, 0.15, 0.3, 0.6,
1.25, 2.5, 5, and 10 mg/mL. Both the protein standards and the
lysate samples are measured for absorbance using the plate reader. A
linear equation is derived from the regression of the line using
Microsoft Excel. The total protein of the lysate is calculated from
the absorbance by using the linear equation.

Hoechst-stained nuclei emit strong blue fluorescent light with
a raw reading range of 10* per well, whereas the typical raw reading
of the Rex] promoter fluorescent reporter is in the level of 10% per
well, which means that the Hoechst staining has high sensitivity and
accuracy. Due to the high sensitivity of the Hoechst protocol, the
nonspecific, autofluorescence from the cellular components other
than the Hoechst stained nuclei has been assessed. As shown in
Fig. 2b, the autofluorescence is less than 10 % of the raw blue
fluorescence reading after the Hoechst staining. We do not antici-
pate that need for protein assays in the future, and other transgenic
reporters may also replace Hoechst staining (see Section 4).

An ideal gene expression reporter assay should report the cellular
signals of interest of the study with some account for interference
with signal generation or added signals from non-reporter sources.
For example for interference with signal generation, he reporter
should not directly bind to the treating compound and alter the
reporter activity. The reporter activity also should not be affected by
the normal cellular components or by the treating compound
mediated irrelevant or unknown cellular components. Some repor-
ters, unfortunately, do have high direct binding to test compounds,
resulting in the quench of'its activity. For example, Renilla luciferase
reporter has been reported to have 40-70 % “false hit rates” to a
group of 42,460 PubChem compounds [27].

In our HTS models using fluorescent proteins as the reporters,
we find that there are two main sources of the autofluorescence:
one is from the normal cellular components without compound
treatment, the other is from the treating compound resulted in
autofluorescence which needs to identified and adjusted for in a
dose dependent manner for each compound (see Notes 3-7, 9).

In the stemness/potency “loss-of-function” model of HTSI1,
we define the fluorescence determined from the zero dose treated,
normal cultured Rex1-RFP transgenic ESCs as the standard maxi-
mal reporter fluorescence. In the differentiation “gain-of-function”
model of HTS2, we define the fluorescence determined from the
1 pM retinoic acid treated PDGFRa-GFP transgenic ESCs (positive
control) as the standard maximal reporter fluorescence [35]. All the
autofluorescence measurements determined were normalized to
the standard maximal reporter fluorescence to compare the relative
levels of the autofluorescence.



296

Table 2

Quanwen Li et al.

The false hit rate of the red or green fluorescent reporter
protein was determined from the parental ESCs. The parental
ESCs provide a clean system that is free of red or fluorescent
protein. The autofluorescence in the absence or presence of incre-
mental concentrations of the treating compound in parental non-
transgenic cells was normalized as a percentage to the standard
maximal reporter fluorescence in the transgenic reporter cells.
Here we define 50 % as the threshold for false hits. For a specific
treating compound, a percentage of autofluorescence that is more
than 50 % is considered to be a false hit.

The false hit rate of the blue fluorescence can be determined
from either the parental ESCs or from the transgenic ESCs. The
blue autofluorescence was determined before Hoechst staining and
the total blue fluorescence was determined after Hoechst staining.
In this way, the percentage of the blue autofluorescence can be
calculated from each compound at each incremental concentration
point. As shown in the Table 2, both cell the parental and the
transgenic cell lines exhibited similar false hit rates to the same
group of 22 test compounds. These 22 compounds are 17 from
the ECVAM study [19, 33] and 5 AMPK modulating drugs
(Fig. 2a) and diet supplements.

False hit rate. Transgenic or parental ESCs were cultured in 96-well plates. The cells were treated
with 22 ECVAM and 5 AMPK modulator compounds (Fig. 2a) at incremental concentrations for 3 days

0 dose 25 % dose 50 % dose
Red False hit 0 0 0
Total hit 22 22 22
False hit rate (%) 0 0 0
Green False hit 0 0 9
Total hit 22 22 22
False hit rate (%) 0 0 409
Blue False hit 0 0 2
Total hit 22 22 22
False hit rate (%) 0 0 9.1
Blue False hit 0 0 3
Total hit 22 22 22
False hit rate (%) 0 0 13.6

Red and green autofluorescence were determined from the parental cells. Blue autofluorescence was either determined
from the parental cells (blue) or from the transgenic cells before Hoechst staining (blue*). #» = 3. These are false hits at a
50 % threshold of highest total transgenic reporter intensity shown here for 0 dose, 25 and 50 % of the maximum dose
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Autofluorescence is compound dose-dependent; at the low
doses, the autofluorescence is produce by the normal cellular pro-
cesses at low levels. At the highest doses, many compounds make
the cells morbid or apoptotic, producing very high level of auto-
fluorescence. Many compounds creating high autofluorescence in
parental non-transgenic ESCs, have no autofluorescence on plastic
only 96 well tests (for more details, see Notes 3-7,9). For a specific
compound, the 25 and 50 % responses are 25 and 50 % of the
maximal response for that test compound. Here we designate
three response points to define the false hit rate: (1) Zero dose
response point; (2) 25 % of highest dose; (3) 50 % of highest dose.
We think that the false hit rates at the 50 % of maximal response
reflect the normal working concentration in this study and are
relevant to the concentrations used in previous ECVAM compound
studies [40].

Discussion of results from Table 2. As shown in the false hit
table, the false hit rate of the red fluorescent protein to 22 com-
pounds are 0.0 % at zero dose, 0.0 % at 25 % maximum dose, which
indicates that the red fluorescent protein reporter in our Rex1-RFP
transgenic ESCs is a good reporter to monitor ESC stemness and
potency in our HTS1 model. The false hit rate of the green fluores-
cent protein to 22 compounds is 0.0 % at zero dose and 25 % of
maximum doses and 40.9 % at 50 % of max dose. The relatively
higher hit rate for Pdgfra-GFP HTS2 is largely due to the weakness
of the green fluorescence in PDGFRa-GFP transgenic cells. By
replacing with a stronger version of fluorescent protein, e.g., E2-
Crimson or td-Tomato, the reporter signal will be boosted by ten
times or higher. Then the increased signal-noise ratio will greatly
reduce the false hit rate for the HTS2 model. Another alternative is
to use a naturally low hit rate reporter to replace the fluorescent
proteins in our study. For example, p-lactamase has been proved to
have extremely low false hit rate [27]. These choices are discussed in
Notes (Section 4) and are most important for toxicologists con-
templating screening very large numbers of test compounds, many
without knowledge of NOAEL, LOAEL, EC50, IC50, or LD50
dose ranges. For some other studies in pharmacology or develop-
mental biology where the number of test compounds is low, choice
of reporter may focus on whether it can be used repeatedly in viable
cells without affecting normal cellular functions.

False hit: correctable or not? If a false hit is unavoidable, it
should be predictable and quantitatively deductible. In the case of
an enzyme as the reporter, it is difficult to quantify and correct the
reporter response from the reporter inhibition by the treating
compound. Switching to another reporter enzyme is usually the
best way to avoid high false hit rate. For example, p-lactamase has
been reported to have very low false hit rate (<0.1 %) and is more
ideal than luciferase in this regard and that its secreted form has less
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chance of being affected by intracellular test compound-dependent
processes [27]. In our HTS model, the red and green autofluores-
cence can be easily measured from the parental ESCs. Therefore the
autofluorescence can be deducted and corrected from the trans-
genic ESCs (see Section 4). The blue autofluorescence can be
corrected either from the measurement of the blue fluorescence
from the parental cells or, more directly, from the transgenic cells.

4 Notes

1. Maintenance of the potency transgenic cell lines. The Rex1-RFP
cells, like all ESCs cultured with potency- and proliferation-
maintaining LIF, are a heterogeneous population of cells in
equilibrium with regard to stemness/differentiation balance
and cell cycle commitment and stage. Previously Toyooka and
colleagues showed that FACS-sorted Rexl—/Oct4— double
reporter cells or Rexl+/Oct4+ double reporter ESCs would
reestablish a population of mostly Rex1+,/Oct4+ cells on culture
with LIF after the isolation [41]. Although the established,
irreversibly  differentiated Rexl—/Oct4— become extra-
embryonic endoderm and cannot dedifferentiate back into
ESCs, these double negative FACS sorted cells rapidly reestab-
lish a mostly double positive population in culture with the
pluripotency maintenance growth factor LIF. We reported that
~9 % of our Rex1-RFP ESCs were parentally dim; thus had no
more RFP fluorescence than non-transgenic parents. Presum-
ably these are like the Rex1 negative cells described by Toyooka
and colleagues, part of a transient shifting population of cells in
equilibrium. However, we suggest that baseline zero stress dose
be monitored and if absolute Rex1-RFP fluorescence magnitude
decreases appreciably the transgenic ESCs be reisolated for REP
brightness using FACs. After 3 days of high but nonmorbid
sorbitol doses, as much as 28 % of Rex1-RFP ESCs become as
dim as parental ESCs [18]. Tests for the percentage of Pdgfra-
GFP cells, and the % of parental dim Rex1-RFPs that are irre-
versibly committed are underway.

2. Optimizing duration of dvug or compound exposure to transgenic
embryonic stem cells in the HTS: This HTS1 model detects the
change of the fluorescent reporter protein level for potency that
is largely decreased by stress treatment. We have observed that
the fluorescence decreases in correlation with the increase of the
time and dose of stress treatment. It is critical to choose the best
time point in which the extent of the decrease of potency is
substantial while the cells are not kept post-confluent. The
cellular level of the fluorescent reporter protein is maintained
by the dynamic balance of the synthesis and the degradation of
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the fluorescent protein. The Rex]l reporter protein level has
been maintained in a substantially high level in ESCs under
normal culture condition. Stress-mediated suppression of Rex1
promoter activity can only reduce the rate of the new synthesis of
the fluorescent protein. In this case, the cellular degradation rate
of the fluorescent protein will play a crucial role for the dynamics
of its reduction. Although the specific half-life of mApple in
mouse D3 ESC is not clear, the average half-life of wild-type
fluorescent proteins in mouse cells has been reported to be
~26 h [42]. To get the optimal detectible signal, the total time
of drug treatment must be optimized by a preliminary experi-
ment. In our time course study using sorbitol as the positive
control stressor, we have shown an accumulative loss of the RFP
each day with a large total RFP loss by day 3. Since the cells
became post-confluent at 3 days, day 3 was confirmed as the
optimal day for dose testing [18].

As mentioned in the Methods part, a time zero plate is always
set aside to evaluate the change of growth rate under stress
treatment. The time zero plate enumerates the starting
Hoechst-stained nuclear signal which reflects the starting con-
fluence. We have found that the stress-induced potency loss and
differentiation gain are often coincided with cellular growth
inhibition due to the decrease stem cells growth being compen-
sated by increased differentiation that requires potency/stem-
ness loss [12, 13].

3. Assessment of autofluovescence using ECVAM and AMPK wmod-
ulating compounds.

Autofluorescence is unwanted; nonspecific background fluores-
cence that adds to the desired fluorescence from the reporter or
Hoechst DNA stain. Autofluorescence may come from many
different sources: (1) The normal cellular molecules or pro-
cesses, (2) the abnormal cellular components or processes due
to drug treatment (particularly at higher doses), (3) the drug
imported by cells and its metabolized products inside cells, (4)
fluorescent cross-talk from one color channel to another due to
the excitation/emission wavelength overlap, (5) tissue culture
plastics and solutions, and (6) interactions of compounds with
reporters that alter their fluorescence. Of these, category 1 is not
a problem with stem cells we use, and plastics and solutions are
not a problem, but should be checked if new formulations are
under consideration.

Most strong and weak toxicants at higher doses increase
differentiation as measured by HTS2 Pdgfra-GFP, decrease
potency/stemness as measured by HTS1 Rexl-RFP and
decrease cell growth as measured by Hoechst at time zero and
final (Fig. 3 bottom inset). To calculate fluorescence from the
reporter fluorescent proteins in HTS1 and HTS2, chemical
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Assay type

i Plastic/well Parental ESC Reporter ESC Reporter ESC
Sources of i microplate (3 only) (2+3) (1+2+3) = Parental ESC
fluorescence (1 only)
Compound autofluorescence (3) -+ <+ + e
Cellular process autofluorescence (2) - + + —
Reporter fluorescence (1) - — = +

Toxicant doses
12345678 9101112

ECVAM1 A| @@@@Q@0000OQQQ | Potency decrease (Rex1-RFP)/cell

ECVAM2 B | OQO0O0OCO000@®®@®@® | Differentiation increase (in Deve
ECVAM3 C| @00@000000O00O0O | Cell number (Hoechst)

Fig. 3 We use compound-only, parental ESC, and Reporter ESC (e.g., Rex1-RFP ESC) 96-well plates exposed
to ECVAM, and AMPK modulator toxicant sets to define compound autofluorescence (plastic only = 3) or
cellular process autofluorescence (compound on parental cell = 2 + 3) independent of reporter fluorescence
(e.g., which is 2 + 3 and 1 = reporter-dependent fluorescence), and then adjust reporter fluorescence by
subtracting the two unwanted autofluorescence magnitudes. See Tables 3 and 4. The inset at the bottom
shows the top three rows of a hypothetical 96-well plate with one of the set of 17 ECVAM toxicants
(“ECVAM1”). Decrease in HTS1 Rex1-RFP ESCs caused by toxicant stress is detected in the top row. Increase
in first lineage promoter HTS2 Pdgfra-GFP ESC is detected in the middle row and decrease in cell number by
Hoechst is detected in the third row (i.e., for either HTS1or HTS2)

autofluorescence in plastic only wells and in parental ESC with-
out reporter must be measured (Fig. 3 top). To calculate cellular
autofluorescence non-transgenic, parental ESC are tested for
toxicant induced effects. Both HTS1 and HTS2 fluorescent
signals are normalized to time final Hoechst, and parental auto-
fluorescence from compound or cellular autofluorescence is sub-
tracted. Tables 3, 4, and 5 show the compound and cellular
autofluorescence of 17 ECVAM compounds [19, 33] and 5
AMPK modulators (Fig. 2a) normalized to cell number by
Hoechst and subtracted from HTS1 and HTS2 ESCs reporters
that have both reporter and autofluorescence signals.

The relative level of autofluorescence strongly depends on
the excitation and emission wavelengths used. The raw blue
autofluorescence is more intense than the green; the raw green
autofluorescence is more intense than the red (Table 3 panel a).
Next we discuss the incidence and the magnitude of the auto-
fluorescence in ESCs treated with 22 ECVAM toxicants [19, 33 ]
and 5 AMPK modulating compounds in incremental
concentrations.

4. Determination and Subtraction of the Blue Autofluorescence.

The blue fluorescence before Hoechst staining reflects the blue
autofluorescence from the cellular molecules and processes and
the drugs taken up by cells. Subtraction of the blue autofluor-
escence from the total blue fluorescence after Hoechst staining
equals to the net blue fluorescence of Hoechst stained nuclei.
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For the blue channel, since the bandwidth of the fluorescent
reporter proteins (red or green) are well separated from the blue
channel, the blue autofluorescence can be assayed from the
transgenic cells before Hoechst staining. The advantage of
using the transgenic cells to assess autofluorescence is that the
contribution of Hoechst stained nuclei is much higher than the
contribution from other cellular components. As shown in
Table 3 panel b, the average value of Hoechst stained nuclei in
the zero dose group (baselines) is 26,894 + 732, in which the
blue autofluorescence contribution is 3168 + 38, about 11.8 %
of the total. In the highest drug concentration end, the contri-
bution of autofluorescence to the total is 26.9 %, higher than
that of the baselines. This increase of contribution may be due to
several reasons: the decrease of total cell number under high
concentrations of drugs, metabolized drugs, and drug-caused
cellular fluorescent changes, etc. The blue autofluorescence can
be easily subtracted (corrected) from the total blue fluorescence
after Hoechst staining.

In both the parental ESCs and the transgenic ESCs, the blue
fluorescence falls into the same range (2976 £ 59 and
3168 £+ 38 respectively at the O dose; 2997 + 141 and
2970 + 86 respectively at the highest dose (Table 3 panels a
and b). This consistency of the parental and transgenic cells
provides further confidence to above method of data analysis.
Between the parental and Rex1-RFP transgenic cells, although
the blue autofluorescence contribution at the 0 dose are at about
the same level (10.2 % and 11.8 %), the increase of the blue
autofluorescence contribution at the highest dose in transgenic
cells (26.9 %), comparing with the parental cells (18.3 %), may
be due to the contribution of the fluorescent reporter protein to
the blue channel (Table 3 panels a and b).

ESCs are plated on 96-well plates and cultured to ~20 %
confluent at time zero [18]. Cells are treated with incremental
concentrations of drugs (here we show the 22 compounds) for 3
days. Transgenic reporter HTS1 and HTS2 ESCs are first read
for red, green and blue fluorescence before Hoechst staining.
Then the cells are stained with Hoechst and read for blue fluo-
rescence again.

. Determination and subtraction of the red or green

autofluorescence.

The red or green autofluorescence should be determined from
the parental ESCs. The main difference between the transgenic
ESCs and the parental ESCs is the expression of the fluorescent
reporter protein. Therefore, the parental ESCs can be used to
assess the autofluorescence that contribute to the total red or
total green fluorescence in the transgenic ESCs. The non-
normalized raw reading of the red autofluorescence from the
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parental ESCs range from 14.1 + 0.6 at the 0 dose and
16.7 £ 2.6 at the highest dose, which contribute 8.8 % and
26.8 % to the total red fluorescence in the Rex1-RFP transgenic
cells respectively (Table 3 panel b). Although there is a small
amount of increase (from 14.1 + 0.6 to 16.7 £ 2.6) of the
autofluorescence in the trend lines, the total fluorescence trend
lines still show significant decrease (from 160.9 = 1.7 to
62.3 + 14.3), indicating the dramatic potency loss under stress
treatment. The autofluorescence is subtracted from the total
fluorescence. However, it has to be noted that the red autofluor-
escence should be added to but not be subtracted from the total
red fluorescence of the transgenic cells in the data analysis.

Similarly, the green autofluorescence from the parental ESCs
ranges from 503 £+ 5.4 at the 0 dose and 650 £ 146 at the
highest dose. Since we have not tested the parental J1 cells that
was used for making the Pdgfra-GFP transgenic ESC line, the
present result of the green autofluorescence shown in panel 4
may not reflect its true level in Pdgfra-GFP transgenic ESCs
(Table 3 panel c).

Parental ESCs are cultured in 96-well plates with incremental
concentrations of drugs for 3 days. Cells are first read for red,
green and blue autofluorescence. Then the cells were stained
with Hoechst 33342 and read for the total blue fluorescence.
The red or green autofluorescence determined in parental cells
are normalized to the blue fluorescence after Hoechst staining.
The normalized red or green fluorescence will be used for the
subtraction from the normalized red or green total fluorescence
obtained from the transgenic cells.

6. Normalizing net red or green fluorescence to nuclear fluores-
cence after subtracting parental from transgenic reporter ESCs.

The blue autofluorescence can be assessed directly from the
transgenic cells. Since both the blue autofluorescence and the
total blue fluorescence after Hoechst staining are determined
from the same number of cells in the same well, no further
normalization is necessary. The subtraction of the blue auto-
fluorescence of the transgenic cells before Hoechst staining from
the total blue fluorescence after Hoechst staining is the net blue
fluorescence resulting from the total cells in that well.

Since the transgenic cell line expresses fluorescent reporter
protein, it is not possible to distinguish the autofluorescence
that has the same excitation/emission wavelengths as the fluo-
rescent reporter. This type of autofluorescence should be
assessed using the parental cell line from which the transgenic
cell line was developed. Since the autofluorescence is determined
from the parental cells in an area defined by one excitation beam
and the total fluorescence is determined from the transgenic cells
using another excitation beam, to compare the results from two
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cell lines requires that the red or green reporter fluorescence to
be normalized to the cell number that is represented by the blue
fluorescence of Hoechst stained cells (Table 4).

. Stimulation indices determined from net normalized fluores-

cence magnitude.

Every drug has dose-dependent trend lines. Depending on the
specific observation channel of the color, the trend line may be
ascending, descending or horizontal. Stimulation factor (SI) is
used to describe the maximal change of the trend line between
the lowest dose and the highest dose. Here we use SI = 1.5 asa
fudge factor to group the three types of trend lines: (1)
SI > 1.5,(2) 0.67 < SI < 1.5, and (3) SI < 0.67. A large SI
tends to introduce large error to the total fluorescence determi-
nation. By examining the groups sizes of the drugs tested, we
can get an understanding of the frequencies of the drugs that
affect fluorescent determination (Table 4).

However, a drug that has an autofluorescence with SI > 1.5
does not necessarily mean a large contribution to the total
fluorescence. Therefore, the relative level of the autofluores-
cence value compared with the total fluorescence value is used
to assess the true influence of the autofluorescence. For example,
4.5 % of the 22 compounds tested in Rex1-RFP transgenic ESCs
have blue autofluorescence value with SI > 1.5, but the level of
their blue autofluorescence value compared with the total blue
fluorescence value in the zero dose end is 11.8 % and that is not
significant different higher from the average blue autofluores-
cence value of all the 22 compounds (11.8 %, Table 4).

At the highest doses, especially when there is growth inhibition,
the relative level of autofluorescence value over against the total
fluorescence value may increase dramatically. For example, the
average level of blue autofluorescence in Rex1-RFP transgenic
ESCs treated with the 22 compounds over against the total blue
fluorescence value is 26.9 % at the highest dose end (Table 4). In
data analysis, the autofluorescence value should be subtracted
from the total fluorescence value, whether it is in low level or
high level.

. Emphasizing IC50 in the robust nonmorbid dose range of text

toxicants.

One of the most important parameters in the classic toxicology
to define a compound is half maximal effective concentration
(IC50). Drug dose that is close or higher than IC50 inhibits the
proliferation. However, an IC50 does not tell us at which point
of the dose that starts to kill the cells (negative growth or fewer
cells than time zero). Academic research emphasizes the study of
nonmorbid doses, but commercial toxicological doses that cause
death are also important to define. Our research goal is to study



305

High-Throughput Screens for Embryonic Stem Cells: Stress-Forced. ..

(panunuod)

ST Ge dnoiS8 ¢'1 > [ woy WHS F onpea d8eroay

¥o¢ 89 ST <ISIO%

/8 Te/st ST <ISJo#

AR 9/ LL¥ F SST 0'€E F SS9 8THF 66T 0OF F0S dnois ¢'1 < [S woxy WHS F d0[eA d5eIoAy

§'S¥ 08 T9S F £0S TITL FS19 S8 F6CC 6TF 6 TT IIe woy NHS F onfea aFelony
asop 1saybiy asop 013z asop 1saybiy 9sop 0197 9sop 1saybly  asop 0197
[B101 Ul 39UdISAION|J0INE Pal JO % 21q39U33s3lon}} [ejo} pay p89U33S3I0N}J0INE Pay

€L §'S6 dnois ¢'1 > IS > £9°0J0 %

/9 e/ 1¢ dnois ¢ 1 > IS > £9°0J0 #

et U1 €6ST F TLLET 90ST F 89L°LT 65 F S88T 0F F 691¢ dnoi8 ¢’ > IS > £9°() WOl WHS F d0[eA d5eiony

0 0 S1>1SJ0%

0 0 ST >1SJo#

dnois8 g1 > [S woy WHS F onjea d8eroAy

LTl Sy ST <ISI0%

91 I ST <ISJo#

€98 811 CTTET F L8FL LL8 F 995°9C 65%9 6€1¢ dnois g1 < [ wol WHS F dn[ea dFeIoAy

6'9¢C 8TT 0081 F 8FOTT CTEL F ¥68°9C 98 F 046T 8¢ F 891¢ TT It Wwol NHS F on[ea dferaay
asop 1saybiy 9sop 0197  9sop 1saybiy asop 0197 asop 1saybiy asop 0197
[B10} Ul 39U33saI0N|JoINE anjq JO % 89UB3S3I0N]} [€J0} BN|g ., 80UBISBION|j0INE BN|g

€ U0N93S 8y} ul paqLIasap se $9S3 |ejualed wolj YNSal e ale 39ualsalonpjopne pal ayj ‘asop 1saybiy
ay} 1e pue asop 09z 9y} 18 3IUIISAION|) PaJ PIZIEWIOU PUB dIUIISAION]) MEJ anjq aie 3[qe) SIY) Ul UMOYS "3IuaIsaion|j an|q |10} o} peas pue
ZSee 1SY230H Y)IM paule]s a1am S|[a9 ay) uayy 'a9uadsalon)y pal [£}0] pue 39uadsaionjjoine anjq Jo} peas asam s|j@9 ‘shep ¢ 10} spunodwioa gz ayy
JO SUONBJIUIIUO0I [EJUSWAIOUI YHM Saje|d [[9M-g6 Ul PaIN}Na aJom S|37) "a9uaasalonyy [E10] SU) YIIM 39U3ISaI0N|J0}Ne 3y} JO S|aA3] ay) Jo uosueduio?)

¥ 2lqel



Quanwen Li et al.

306

S[[23 [eIUdIE],,
Sururels ISYI90 19y IN[q 01 PIZI[EULION],

S22 dS1uaSsuen L1 - [X0d

UOTIEZI[EWLIOU INOTIIM STUIPLIT TUIISIION]] MBY,,

UondLNQNS PadUl UDIS PUE IN[q SEIIDYAL "9IUIISIION]) [e10] PaI WO UOLILNNS J0U NG UONIPPE ST 9dUIISaIoN[JoIne pai ay ], () "s[od eiuared o jo (Sururels
ISYDI0H JToYe an[g,/Ppay) sSUIPEIT PIZI[BULIOU WOIJ PISSISSE ST IDUIDISIIONJOINE P S[[9D IIUIFSURI o) JO SSUIPLIT MBI WOIJ PISSISSE ST 2dUIdSaIoNoIne anyg (1) 910N

9'¢9 €T dnoid ¢'1 > 1S > £9°0J0 %
/71 /9 dnois ¢ 1 > IS > £9°0JO #
¥o6l 9L L'8% F 66C 6'€T F TH9 0LF8S T'¢Fo6h dnorB g1 > [S > £9°0 WOy WHS F dnfea a8e1ay
0 C 4 ST >1SJ0%
0 /1 ST>1ISJo#
asop 1saybiy asop 019z  asop 1saybiy asop 013z asop 1saybiy 9sop 0137
|e1o} ui aduadsaionjjoine anjq jo % n.moucuumo._os_h |ejo} anjg n.mou-_uumo._o:_hogm an|g
(panunuo?)

¥ °lqel



High-Throughput Screens for Embryonic Stem Cells: Stress-Forced. .. 307

the adverse environmental stress that changes the normal devel-
opment and results in abnormal embryos, as well as the higher
dose range that cause embryonic death and miscarriage. The
present HTS1 and HTS2 models report compensatory and
prioritized differentiation [12, 13] that focus on the dose
range that inhibit the cell proliferation but does not kill the
cells. Therefore, our model emphasizes life model but reports
death. The reason is that living ESC lineage after stress may still
contribute to the F1 and carry epigenetic markers that compro-
mise postnatal health.

To get to know whether or not a drug dose kills the cells, a
time zero plate of cells is assayed for all the spectra of fluorescent
colors. This time zero plate of cells is parallel to that of the three-
day drug treated cells. By comparing the blue fluorescence of the
Hoechst stained cells under each dose with the time zero point,
we will be able to know whether the cells have been undergoing
proliferation, proliferation arrest or apoptosis/necrosis. The
dose range under which the cells undergo proliferation or pro-
liferation arrest without apoptosis/necrosis is considered to be
the life model dose range.

Once the life model dose range is determined, EC50s will be
calculated and examined to see whether they fall within the lifer
model dose range or death model dose range. For potency
reporter transgenic cells, there are two EC50s: one is calculated
from the blue Hoechst stained fluorescence trend line that
describes the proliferation, and the other is calculated from the
reporter fluorescence trend line that describes the prioritized
differentiation by potency loss and differentiation gain.

9. Assessment of autofluorescence from each compound:

Cell-free system provides a clean system to get to know whether
or not and how much the autofluorescence is and whether or
not the autofluorescence change with the increase of compound
concentration. In the cell-free system, incremental concentra-
tions of compounds in PBS are assayed using the plate reader. It
should be noted that the three colors of autofluorescence
measured from the cell-free system also include the contribution
from the tissue culture plastic and the solution being used.
Generally the frequency of compounds that can increase
autofluorescence above background (SI > 1.5 or SI < 1.5) is
low (4.5 %, 22.7 %, 9.1 % for blue, red, and green respectively
(Table 5). The average level of the compound autofluorescence
(2476-2782 for blue, 9.6-12.9 for red, 350-561 for green) is at
the same level of the autofluorescence determined from the
parental cells (29762997 for blue, 14.1-16.7 for red,
503-650 for green, Table 3, panel a). Some compounds cause
dose-dependent cellular autofluorescence (e.g., BRDIM) and
some do not (e.g., resveratrol). However, it should be noted
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that these compound data are from cell-free, compound solu-
tions. The true amount of compound imported by the cells may
be much smaller than that in the cell-free compound solution,
especially after repeated rinse of the cells with PBS before plate
reading. Therefore, the autofluorescence data from the com-
pound and plastic, cell-free system can only be a qualitative
reference and cannot be used for quantitative deduction of
autofluorescence from the transgenic cells. Instead, the auto-
fluorescence data obtained from the parental cells can be used

310 Quanwen Li et al.
for quantitative calculation.
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