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Resumo

O aumento da incidéncia de disturbios testiculares e a possivel influéncia
de substancias quimicas ambientais, como o dibutilftalato (DBP) e a
acrilamida (AA), exigem a identificagcdo de modos de acéo. A maioria dos
estudos de toxicologia reprodutiva utiliza amostras de RNA provenientes de
todo o testiculo para avaliar a expressao genica; entretanto, analises de
tipos celulares isolados poderiam gerar resultados mais especificos. Entre
as células germinativas testiculares, as espermatogénias sdo importantes
pois representam o inicio da espermatogénese. Este estudo objetivou, 1)
estabelecer técnica de isolamento de espermatogbnias; 2) aplicar esta
técnica para verificar possiveis alteragcdes na expressado génica (Pou5fl,
Kitlg, Mki-67, Bakl e Spry4) em testiculos de ratos pré-puberes (DPN24) e
puberes (DPN45) ap6s exposicao in utero e pds-natal ao DBP ou a AA. A
técnica foi eficiente para o isolamento das espermatogonias. A exposi¢ao
ao DBP levou a reducdo do peso corporal da ninhada ao nascer, da
distancia anogenital dos filhotes machos no DPN4 e ao aumento da
frequéncia de retengdo de mamilos no DPN14. Os pesos relativos dos
testiculos expostos ao DBP estavam reduzidos apenas no DPN24. Animais
expostos ao DBP mostraram niveis reduzidos de expressdo de Pou5fl e
MKi67 no DPN24, e de Pou5fl e Spry4 no DPN45. A exposicao a AA reduziu
a expressdo de Poubfl, Mki67 e Spry4, embora nao significativamente.
Nossos resultados sugerem que DBP atue reduzindo a proliferacéo celular

e prejudicando a diferenciacdo nos testiculos pré-puberes e puberes.



Abstract

The increased incidence of testicular disorders in young men and the
possible influence of environmental chemicals, such as dibutyl phthalate
(DBP) and acrylamide (AA), requires experimental models for identifying
modes of action. Most published reproductive toxicologic studies use RNA
samples from the total testis to evaluate testicular gene expression;
however, analyses of isolated cell types could provide a more specific tool.
Among testicular germ cells, spermatogonia are critical since they represent
the onset of spermatogenesis. This study aimed, 1) to establish a technique
for spermatogonia isolation; 2) to apply this isolation technique to verify
possible gene expression alterations (Pou5fl, Kitlg, Mki-67, Bakl and
Spry4) in prepubertal post-natal day, (PND24) and pubertal (PND45) testes
after in utero and postnatal exposure to DBP or AA. The technique was
efficient for isolation of a majority of spermatogonia. In utero DBP exposure
led to reduced litter body weight at birth, reduced anogenital distance of
male pups on PND4, and increased frequency of male nipple retention on
PND14 compared to controls. DBP-exposed relative testes weights were
reduced only at PND24 compared to control but they did not differ at PND45.
DBP-exposed animals showed reduced expression levels of Pou5fl and
Mki67 on PND24, and reduced expression of Pou5f1 and Spry4 on PNDA45.
AA exposure reduced expression of Pou5fl, Mki67 and Spry4 at PND45
although not significantly. Our results suggest that DBP acts by reducing cell

proliferation and impairing differentiation in prepubertal and pubertal testes.
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Literature Review
Human testicular disorders

Human male reproductive disorders have increased over the past 5
decades (Xing and Bai 2018). Such disorders may occur in male newborns
(cryptorchidism and hypospadias) as well as in young adult males (impaired
spermatogenesis and testicular germ cell cancer [TGCT]) (Skakkebaek et
al. 2001). There is experimental evidence that several adult male
reproductive problems arise in utero and are characteristics of testicular
dysgenesis syndrome (TDS) (Sharpe and Skakkebaek 2008). Although the
worldwide prevalence of TDS is not well established, the majority of cases
of cryptorchidism, hypospadias, TGCT, and infertility are thought to most
probably be linked to TDS(Xing and Bai 2018).

Cryptorchidism and hypospadias are the two most common genital
anomalies in boys (Deng et al. 2016). The incidence of both defects shows
geographic variation, and increasing trends have been reported in several
countries such as Denmark and Great Britain (Lymperi and Giwercman
2018). Cryptorchidism is defined as one or both testes not present in the
scrotum after birth and failure to descend in the first 6 months of life.
Hypospadias occurs when the urethra opens anywhere between the ventral
aspect of the glans and the perineum (Xing and Bai 2018).

Ninety-five percent of all human testicular tumors are malignant
TGCT, the most frequent testicular cancer in Caucasian males. Its increased

incidence (70%) in the last 20 years is probably due to a combined action of
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epigenetic and microenvironmental factors (Buljubasic et al. 2018). The
incidence of TGCT has doubled in the last 40 years and it is highest in
countries of northern Europe, such as in Denmark and Sweden, while it is
relatively low in Africa (Buljubasic et al. 2018). TGCT are clinically very
important because they usually occur during the most productive age of
men, between 20 and 45 years old (Buljubasic et al. 2018).

At the same time, analysis of sperm count data suggests a global
downward trend but the results are inconclusive (Merzenich et al. 2010;
Swan et al. 2000). The lower limit for the reference value for normal sperm
concentration was reduced from 20 x 108/ml to 15 x 10%/ml (WHO 2010). In
the 1940s the normal limit was considered to be 60 x 10%/ml. Whether these
changes in the reference values reflect improved methodology and
knowledge or an actual decline in semen quality at the population level is a
matter of discussion (Sharpe and Skakkebaek 2008).

There appears to be a geographical and temporal variation in the
prevalence of the four aforementioned disorders probably due to large
environmental exposure variations, nutrition and lifestyles among countries
(Xing and Bai 2018). It is unclear whether genetic factors might also play a

role.

Prenatal programming and developmental toxicity
Epidemiological research on patterns of diseases in human

populations and mechanistic studies in animals resulted in the concept of

3
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prenatal programming (Barker 1995a, b). The findings indicate that many
processes governing the regulation of our physiology are encoded during
the fetal stage (Wintour et al. 2003). In addition, when pregnancy and fetal
development are significantly perturbed, the normal course of maturation
may then be shunted in a pathological direction, undermining the original
plan for a healthy adult phenotype (Coe and Lubach 2008). For example,
growth in childhood and timing of puberty were found to be tightly linked to
environmental quality (Worthman and Kuzara 2005), and studies of
birthweight have concluded that variation in size at birth is essentially
determined by the intrauterine environment rather than the fetal genome
(Barker 1995b).

During the fetal period, rapid growth and functional maturation occur
and continue until after birth. The main feature of growth is cell division.
Different body tissues grow during periods of rapid cell division, so-called
‘critical’ periods. The timing of these critical periods differs for different
tissues (Barker 1995b). In this way, the same exposure at different periods
would create a different spectrum of outcomes due to the divergent timing
of development among the organ systems (Selevan et al. 2000). Therefore,
the “programming” concept is a ‘“setting” of physiological function by
conditions operating during a sensitive developmental period resulting in
long-term effects on function and thereby on health outcomes (Worthman
and Kuzara 2005).

Developmental toxicity covers the entire gamut of developmental

4
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exposures and outcomes that may result from exposure prior to conception
(either parent), during prenatal development, and postnatally to the time of
sexual maturation (Figure 1). The major manifestations of developmental
toxicity include death of the developing organism, structural abnormality,
altered growth, and functional deficiency (Selevan et al. 2000; USEPA

1991).

Developmental

Stage Target cells
Il - .
o Paternal 4 . ‘ : |
1] Preconception
= - - Sperm cells
E i Maternal . Gestation II$ l l
w - -

- Lactation F1 somatic F1 male germ
cells cells

Figure 1. Developmental toxicity mechanism (Adapted from (Ong and Ozanne

2015).

In laboratory animal studies, the early literature in experimental
teratology was dominated by studies with exposures at periods of known
high sensitivity for producing certain types of malformations. More
contemporary studies, in particular those done for regulatory testing
purposes, often include extended periods to simulate long-term human
exposure. For example, in prenatal developmental toxicity studies (USEPA
1998a), dosing extends from implantation to term; dosing in two-generation

reproduction studies (USEPA 1998b) is for several weeks preconception,
5
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then prenatally and postnatally for two generations (Selevan et al. 2000).
Animal models are frequently used for hazard identification and
characterization of the potential risk to human reproduction. Many of the
critical steps in the formation of the male reproductive system take place
during the embryogenesis process, i.e., the establishment of the primordial
germ cell (PGC) lineage (the precursors of eggs and sperm) occurs early
during development (Scholer 1991). Any genetic imbalance/gene mutation
and/or hormonal deregulation could lead to aberrant sex differentiation,
which in the mildest form, is manifested as hypospadias and/or reduced
sperm production and in the most severe form as female genitalia.
Furthermore, any disturbance in the development of testes in fetal or
neonatal life could have a negative impact on reproductive health and
function revealed in adult life (Lymperi and Giwercman 2018). Therefore, the
prenatal proliferation of PGC and Sertoli cells represents sensitive windows
for target toxicity, making the prenatal period a good time for exposure for

evaluation in reproductive toxicology studies.

Male germ cell intrauterine development and spermatogenesis

Testicular structure is similar in humans and rodents. They are
located in the scrotum, outside of the abdominal cavity, and they are
composed of lobules that contain the seminiferous tubules. The
seminiferous epithelium consists of Sertoli cells and germ cells. The germ

cells are present at different stages of maturation (Haschek and Rousseaux
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2013; Tarulli et al. 2012). In both humans and rats, Sertoli cells control germ
cell maturation, and they also secrete the anti-Mullerian substance that is
responsible for intrauterine testicular development (Haseltine and Ohno
1981). Leydig cells and peritubular cells are also present in the testes (Tarulli
et al. 2012) and function as hormonal and structural support elements for
the seminiferous tubules.

In humans, PGCs are seen in the endoderm of the allantois on
gestational day (GD) 22, and they can be recognized due to the massive
amount of alkaline phosphatase. PGCs migrate to the dorsal mesentery,
promoting thickening of this epithelium, which becomes the gonadal ridge.
Then, in the 4" week of gestation, gonadal ridge invagination occurs with
subsequent development of the sexual cords. The human genital system
remains undifferentiated until the 9™ week of gestation (Haseltine and Ohno
1981).

In mice, PGCs are first identified on GD7 in the epiblast, close to the
allantois. On GD10.5, PGCs migrate to the mesonephros promoting
epithelial thickening and formation of the gonadal ridge. On GD14.5, PGCs
begin a morphological differentiation into gonocytes (Zogbi et al. 2012). In
rats, PGCs reach the undifferentiated gonads between GD13 and 15
(Encinas et al. 2012). Studies suggest that gonocytes appear on GD17
(Encinas et al. 2012; Zogbi et al. 2012).

After cellular migration and the establishment of the undifferentiated

gonad, the embryo sex will be determined. In mammals, the activation of
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SRY (sex-determining region Y) on the Y chromosome marks the onset of
sexual differentiation, with testis formation (Barsoum and Yao 2006).
Following SRY activation, Sertoli and Leydig cells differentiate and start
secreting, respectively, anti-Mullerian hormone (AMH), which leads to the
degeneration of the Mullerian duct (Merchant-Larios and Moreno-Mendoza
2001), and testosterone, which promotes Wolffian duct differentiation into
the epididymis, vas deferens, seminal vesicles, and ejaculatory duct (Capel
2000; Lymperi and Giwercman 2018) Gonocytes become quiescent at the
end of embryogenesis. Gonocyte proliferation begins after birth (postnatal
day [PND] 5 to 7 in rodents and 10-13 years old in humans) resulting in
differentiation into spermatogonia(Fayomi and Orwig 2018; Jarvis et al.
2005; Singh et al. 2011).

In rodents, spermatogonia are divided in type A, intermediate and B.
The most undifferentiated spermatogonia are called Asingle, Apared and
Aaligned. Among the undifferentiated spermatogonia, the spermatogonial
stem cells (SSCs) are the adult tissue stem cells in the testis that are at the
basis of spermatogenesis and essential for male fertility (Fayomi and Orwig
2018; Phillips et al. 2010). Similar to other adult tissue stem cells, SSCs are
rare, around 0.03% of the total germ cell population in mice (Fayomi and
Orwig 2018). SSCs are defined by their potential for self-renewal to maintain
the stem cell pool, and their ability to differentiate to maintain continuous
sperm production in postpubertal males. In the postnatal rodent testis, SSC

activity is widely believed to reside in the population of Asinge Spermatogonia
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located on the basement membrane of the seminiferous tubules (Fayomi
and Orwig 2018). These rare Asingle Cells which mitotically divide once every
three days into either new Asingle Or Apaired Spermatogonia depending on
factors in the microenvironment (Singh et al. 2011). Then, Apr
spermatogonia produce Aaligned Spermatogonia that are capable of
differentiation into A1, the first generation of differentiated spermatogonia.
After multiple divisions, there will be A2, As, A4, intermediate, and B
spermatogonia (de Rooij 2009).

The same process occurs in humans but they have only
spermatogonia A and B with Adark and Apale being the undifferentiated
spermatogonia. Rat Asingle Spermatogonia correspond to human Adark, and

Apaired/Aaligned correspond to Apale (Figura 2) (Singh et al. 2011).

Rodents
A=A — A—A 7+In— B — Primary —+ Second . Spermatids — Spermatozoa
p 1-4 spermatocytes spermatocytes
Man
Adark a0, A | a0 B — Primary - Second - Spermatids —s Spermatozoa
pale spermatocytes spermatocytes

Figure 2. Schematic diagram showing stages of spermatogenesis in mouse and

men (Adapted from (Singh et al. 2011).

The spermatogenesis process comprises a series of spermatogonia
mitotic divisions and differentiation into spermatocytes that undergo meiosis

to produce spermatids which undergo differentiation resulting in
9



«@/ﬂﬂ(][l&/’ﬂ Q@ Leviewr

spermatozoa production. This process is continuous and lasts 64 days in
humans, 48-53 days in rats and 35 days in mice (Haschek and Rousseaux
2013; Jarvis et al. 2005).

As a clinical diagnosis, the complete depletion of testicular stem cells
is defined as Sertoli cell only (SCO) syndrome meaning there are no germ
cells in the testicular tubules, while a focal SCO pattern is induced by a
partial depletion of testicular stem cells. Studies focusing on germ cell
transplantation in mice and monkeys reveal that continuous recolonization
of remaining or reintroduced testicular stem cells leads to reestablishment
of spermatogenesis (Ehmcke et al. 2006). Therefore, spermatogonial stem
cells play a critical role in the spermatogenesis restoration process making
spermatogonia selective target cells for the preservation of the testis tissue

and function (Ehmcke et al. 2006).

Molecular characterization of spermatogonia

Although spermatogenesis represents a classical stem cell model, its
complexity and the lack of good in vitro culture systems make it difficult to
study the molecular aspects underlying spermatogonial stem cell behavior
(Costoya et al. 2004). In seminiferous tubule cross-sections, undifferentiated
spermatogonia cannot be distinguished from each other on a morphological
basis, which means it is not possible to establish whether a given cell is
isolated or in a chain. However, they can be recognized by clonal

arrangement in the seminiferous epithelium (single, pairs or chains) (Fayomi

10
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and Orwig 2018; Grisanti et al. 2009).

Among the surface marker-specific antigens for undifferentiated
spermatogonia, the promyelocytic leukemia zinc finger (PLZF, also known
as Zbtb16) is involved in the regulation of diverse cellular processes,
including cell proliferation, apoptosis, differentiation, and development
(Costoya et al. 2004; Pearson et al. 2008). Plzf is a widely acknowledged
biomarker of type A and B spermatogonia in zebrafish (Ozaki et al. 2011).
Immunohistochemical analysis also detected Plzf expression in gonocytes
and undifferentiated spermatogonia of mice (Costoya et al. 2004; Pieri et al.
2017). Mice lacking Plzf undergo a progressive loss of spermatogonia
associated with an increase in apoptosis and subsequent loss of tubule
structure, but without evident differentiation defects or loss of the Sertoli cells
(Costoya et al. 2004).

Plzf directly represses the transcription of C-kit, a hallmark of
spermatogonial differentiation. The C-kit tyrosine kinase receptor plays an
important role in the postnatal stages of spermatogenesis. A point mutation
in the C-kit gene blocks the initial stages of spermatogenesis and abolishes
DNA synthesis in differentiating A1-A4 spermatogonia, causing infertility
(Rossi et al. 2000). It is consistent that Plzf knockout mice show a significant
increase of C-kit gene expression in their undifferentiated spermatogonia
(Filipponi et al. 2007), suggesting that Plzf maintains the pool of
spermatogonial stem cells through direct transcriptional repression of C-Kkit.

C-kit can be re-expressed in spermatogonia following differentiation, but not

11
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in SSCs of adult mouse testis (Fayomi and Orwig 2018). The protein Kit
ligand (Kitlg) binds to the C-kit protein and turns the C-kit protein on, which
activates other proteins inside the cell by adding a cluster of oxygen and
phosphorus atoms at specific positions (Goddard et al. 2007).

In both humans and rodents, the Pou5f1l gene encodes the protein
Oct3/4, which is critical in embryonic development and is involved in
regulation of cell pluripotency. During normal perinatal maturation, Oct3/4
expression is interrupted (Ferrara et al. 2006). In rats, Oct3/4 was not
expressed between GD19 and PND5. Immunohistochemical expression,
although weak, was detected in 97% of the germ cells at PND8. However,
expression was reduced at PND11 and PND15, where only 4% and 0.5% of
cells were Oct3/4 positive, respectively (Zogbi et al. 2012). In humans,
OCT3/4 positive germ cells have been used as an immunohistochemical
marker of TGCT (Cools 2014).

During normal germ cell maturation, C-kit and Oct3/4
immunochemical  expression  decreases. Nevertheless, certain
conditions/exposures can reprogram the corresponding genes increasing
those protein levels in postnatal life (Cools 2014). Therefore, analysis of
these genes can provide information about germ cell damage after DBP or
AA exposure.

Recent genome wide association studies (GWAS) in humans
identified susceptibility loci for testicular disorders such as TGCT near

KITLG, SPRY4, and BAK1 (Kanetsky et al. 2009; Rapley et al. 2009). While
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the role of the Kit-Kitlg pathway in survival during PGC migration is not
completely understood, studies of knockout mice suggest that these genes
prevent germ cell apoptosis (Runyan et al. 2006). Spry4 is also associated
with the Kit-Kitlg pathway (Frolov et al. 2003) and inhibits the mitogen-
activated protein (MAP) kinase pathway (Sasaki et al. 2003). The protein
encoded by Bcl-2-antagonist/killer 1 (Bakl) belongs to the Bcl2 protein
family and it acts as an anti- or pro-apoptotic regulator that is involved in a
wide variety of cellular activities. Bakl promotes apoptosis by binding to and
antagonizing the apoptosis suppressor activity of Bcl-2 and other anti-
apoptotic proteins. Expression of Bak1l in testicular germ cells is repressed
by the Kit-Kitlg pathway, and interaction of Bak1 with anti-apoptotic proteins
is implicated in germ cell apoptosis (Gilbert et al. 2011).

Cell proliferation is correlated with the Ki-67 labeling index. The Ki-67
antigen is known to accumulate from G1-phase to mitosis and, after mitosis,
the amount of the antigen decreases to a minimal level (Kausch et al. 2003).
Detailed cell cycle analysis revealed that the antigen is present in nuclei of
proliferating (G1-/S-/G2-phases and mitosis) cells but not in nuclei of
guiescent or resting cells (GO-phase) (Endl and Gerdes 2000). This gene
can be used to detect the potential of mitosis in germ cells after chemical

exposure.

Undifferentiated spermatogonia isolation protocols

Most of the current isolation protocols for undifferentiated
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spermatogonia aim to characterize these cells and use them to repopulate
testes with spermatogenesis impairment. Due to the small number of SSCs
in the testis, in vitro techniques are needed to enhance the number of SSCs
using biologically safe methods (Zhang et al. 2016). The most effective way
to enrich germ cell populations for stem cells is to purify all forms of type A
spermatogonia. In the adult mammalian testis, owing to the presence of
multiple generations of germinal cells, purification of spermatogonia is more
difficult than it is before puberty (Izadyar et al. 2002).

The two-step enzyme digestion method is widely used and major
steps are as follows: mouse testes are usually decapsulated and digested
with collagenase and EDTA-trypsin, respectively, and DNase | is employed
to eliminate the intercellular adhesion (Zhang et al. 2016). There are many
available modified protocols. The enzyme digestion time is the key factor in
development of the isolation protocol and should be optimized by each
laboratory in the first attempt at sorting, as insufficient digestion can lead to
low yields, and overtreatment with enzymes is harmful to stem cells and may
even destroy them (Garcia and Hofmann 2012). Compared with mechanical
methods, the enzyme digestion method results in a markedly higher cell
viability and purity. After digestion, the testicular cell culture is incubated
overnight to remove the testicular somatic cells since the somatic cells bind
tightly to the plastic culture dish when cultured in serum-containing medium,
whereas germ cells do not (Hamra et al. 2008). This method primarily

isolates cells from testes with a relatively low purity, as somatic cells are not
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completely eliminated and a subsequent purification step is essential for
enrichment of the cell type (Zhang et al. 2016).

Undifferentiated spermatogonia purification is based on differences
in cell characteristics, such as wall attachment ability, size, density, and
surface markers of cells. Many purification methods have been reported,
however, each one has advantages and disadvantages. Researchers
usually combine them to improve separation efficiency (Zhang et al. 2016).
The use of a discontinuous Percoll (polyvinylpyrrolidone-coated colloidal
silica particles mixed with water; non-toxic) gradient is one of the
spermatogonia purification methods. The cell suspension obtained through
two-enzyme digestion is loaded onto the top of a density gradient solution,
followed by centrifugations with appropriate centrifugal force to separate
cells with different densities. The desired cell population can be aspirated
with a pipet. Because this method is roughly based on cell size and weight,
all types of A spermatogonia can usually be obtained (Morena et al. 1996;
Zhang et al. 2016).

Another spermatogonia enrichment technique is the use of laminin
for plating selection (Hamra et al. 2008; Shinohara et al. 1999; Zhang et al.
2016). The cell adhesion molecules a6 and 1 integrin have been detected
on the surface of undifferentiated spermatogonia and their function is
binding to laminin in the basement membrane of seminiferous tubules
(Shinohara et al. 1999).

The in vivo exposure to environmental chemicals associated with the
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spermatogonia isolation procedure may allow for analyses of spermatogonia
gene expression in toxicologic studies to evaluate testicular alterations

without contamination from other testicular cell types.

Environmental chemical exposures and testicular function impairment

It has been proposed (Browne et al. 2017; Lymperi and Giwercman
2018; Picut et al. 2018) that there is an association between the exposure
to endocrine disruptors (EDs) during fetal, neonatal and adult life and
disturbance of normal reproductive development and function. According to
the (WHO 2015), "an ED is an exogenous substance or mixture that alters
functions of the endocrine system and consequently causes adverse effects
in an intact organism, or its progeny”. Extensive research on animal models
are helping us to understand the mechanism(s) of action of EDs and confirm
their toxic effects. However, human epidemiological studies have been
inconclusive due to the presence of confounding factors such as the
divergent biological ED actions, the continuous exposure to numerous EDs,
the influence of genetic background in the manifestation of the outcome, and
the lack of standardized clinical protocols for human studies (Bliatka et al.
2017). The strongest evidence in humans is that ED exposure during the
prenatal period is associated with increased risk of male reproductive
disorders (Bonde et al. 2016; Hauser et al. 2015).

The term EDs is used to describe a highly heterogeneous group of

substances including both manufactured chemicals and natural compounds
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which can disrupt the action of endogenous hormones. Industrial solvents
and their by-products, such as polychlorinated biphenyls (PCBs) and
polybrominated biphenyls (PBBs), plastics and plasticizers, like bisphenol A
(BPA), and phthalates, like dibutyl phthalate (DBP), have all been included
in this group based on animal or/and in vitro studies (Lymperi and
Giwercman 2018).

Phthalates represent one of the most produced chemical groups in
the world (450,000 tons/year) and among other uses, they confer
malleability, transparency, durability and longevity to plastic products
(Crinnion 2010). Phthalates are esters of phthalic acid and the common
chemical structure is 1,2-benzenedicarboxylic acid diester (Figure 3). They
are viscous, colorless and odorless liquids and have low solubility in water,
high solubility in oil and low volatility. As they are not chemically bound, they
can migrate into food and liquids or evaporate, and they have become
ubiquitous environmental contaminants. The European Food Safety
Authority (EFSA) established the Tolerable Daily Intakes (TDIs) for DBP as
10 pg/kg body weight/day (WHO 2005). Humans are continuously exposed
to these compounds during their lifetime through oral, inhalation and dermal
exposure (Perez-Albaladejo et al. 2017). DBP has been reported to cross
the human placenta and reach the fetus (Wittassek et al. 2009).

Studies in humans are limited due to obvious ethical considerations
and the difficulty in identifying individuals not exposed to these compounds.

Male rats exposed in utero to 500 mg/kg of DBP often display Leydig cell
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hyperplasia, multinucleated germ cells, and alterations in androgen-
mediated development, as evidenced by decreased anogenital distances
(AGD), supporting the hypothesis that the testis may be vulnerable to the
action of phthalates during development (Swan et al. 2005). Phthalates
show little or no estrogenic activity, with a growing consensus that they are
antiandrogenic substances (Harris et al. 1997). However, phthalates and
their metabolites do not bind to the androgen receptor (AR), indicating that
they are not direct antagonists of AR (Parks et al. 2000). Moreover, exposure
to DBP leads to the activation of peroxisome proliferator-activated receptors,
an increase in fatty acid oxidation, and a reduction in the ability to manage
increased oxidative stress (a state characterized by an imbalance between
pro-oxidant molecules, including reactive oxygen species, and antioxidant
defenses) that has been associated with reproductive organ malformations,
reproductive defects, and decreased fertility (Mathieu-Denoncourt et al.

2015).

Dibutyl phthalate Acrylamide
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Figure 3. Chemical structures for DBP and AA.
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The US Environmental Protect Agency (USEPA) selected acrylamide
(Figure 3) for Tier 1 screening under the Endocrine Disruptor Screening
Program (EDSP) (WHO 2015). AA exposure has become a worldwide
concern because of its generation in a variety of carbohydrate rich foods
(breads, potato chips, cereals, biscuits, etc) when cooked at temperatures
exceeding 120°C (Friedman 2003). At these temperatures, Maillard reaction
of sugars with asparagine residues produces AA (Friedman 2005). AA is
also a chemical with a wide range of uses, including as a flocculant in water
treatment, and it is a well-established human and rodent neurotoxin at high
exposure levels (Recio et al. 2017). The 64" Joint FAO/MWHO Expert
Committee on Food Additives concluded that an intake of 1 pg/kg body
weight/day of AA could be taken to represent the average for the general
population without apparent neurotoxic or other toxic effects (Maronpot et
al. 2015; WHO 2005).

AA was evaluated by the International Agency for Research on
Cancer (IARC) and classified as ‘probably carcinogenic to humans (IARC
Group 2A) on the basis of positive bioassay results in mice and rats and
supported by evidence that AA is biotransformed in mammalian tissues to
the chemically reactive genotoxic metabolite, glycidamide (WHO 1994). In
rats, AA affects male reproductive performance and induces dominant lethal
mutations (Tyl and Friedman 2003). Sub-chronic and short-term high-dose
exposures of male rats to AA induces a variety of testicular toxicities

including multinucleated giant and apoptotic cells in seminiferous tubules,
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degeneration of seminiferous tubules, Sertoli and germ cell degeneration,
aberrant sperm morphology, decreased sperm count, and motility (Mustafa
2012; WHO 1994)

There is little information on the effects of exposure to AA in humans,
but experimental and epidemiologic studies suggest a positive association
between AA exposure and probable carcinogenicity of various tissues
(renal, pancreatic, gastric, breast) (Maronpot et al. 2015; Pelucchi et al.

2011).

Justification and objectives

The evidence that suggests an increased incidence of testicular
disorders in young men and an influence of environmental chemical factors,
led to the need to establish an experimental model for identifying risk factors
in the development of these disorders and for better understanding of the
mode(s) of action of DBP and AA. Most of the available reproductive
toxicologic studies use RNA extracted from whole testis for gene expression
analysis, instead of investigating differentially expressed genes in a specific
cell type. Thus, the ability to characterize the gene expression profile of
specific cells, as proposed in the present study, will allow greater
understanding of testicular damage. Among the germ cells, undifferentiated
spermatogonia are the most interesting since they are responsible for
testicular repopulation after cell damage.

This study aimed
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1. to establish an in vitro technique for isolation of undifferentiated
spermatogonia and validate the isolation technique by Plzf
immunohistochemistry (Costoya et al. 2004, Pieri et al. 2017);

2. to describe germ cell alterations induced in vivo by the
environmental chemicals DBP and AA. After in vivo exposure and in vitro
isolation of undifferentiated spermatogonia, gRT-PCR was used to
determine the expressions of Pou5f1, Kitlg, Ki-67, Bakl and Spry4 genes.
The characterization of gene expressions allows comparisons between
normal undifferentiated spermatogonia and those from chemically damaged

testes.
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Abstract

The increased incidence of testicular disorders in young men and the
possible influence of environmental chemicals, such as dibutyl phthalate (DBP) and
acrylamide (AA), requires experimental models for identifying modes of action.
Most published reproductive toxicologic studies use RNA samples from the total
testis to evaluate testicular gene expression; however, analyses of isolated cell
types could provide a more specific tool. Among testicular germ cells,
spermatogonia are critical since they represent the onset of spermatogenesis. This
study aimed, 1) to establish a technique for spermatogonia isolation; 2) to apply
this isolation technique to verify possible gene expression alterations (Pou5f1, Kitlg,
Mki-67, Bakl and Spry4) in prepubertal post-natal day, (PND24) and pubertal
(PND45) testes after in utero and postnatal exposure to DBP or AA. The technique
was efficient for isolation of a majority of spermatogonia. In utero DBP exposure
led to reduced litter body weight at birth, reduced anogenital distance of male pups
on PND4, and increased frequency of male nipple retention on PND14 compared
to controls. DBP-exposed relative testes weights were reduced only at PND24
compared to control but they did not differ at PND45. DBP-exposed animals
showed reduced expression levels of Pou5f1 and Mki67 on PND24, and reduced
expression of Pou5fl and Spry4 on PND45. AA exposure reduced expression of
Pou5fl1, Mki67 and Spry4 at PND45 although not significantly. Our results suggest
that DBP acts by reducing cell proliferation and impairing differentiation in
prepubertal and pubertal testes.
Keywords: spermatogonia isolation, dibutyl phthalate, acrylamide, molecular

biology, proliferation, differentiation, rats
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Introduction

There is accumulating evidence that human male reproductive
disorders have increased over the past 5 decades (Xing and Bai 2018).
Such disorders may occur in male newborns (cryptorchidism and
hypospadias) or in young adult males (impaired spermatogenesis leading to
infertility and testicular germ cell cancer [TGCT]) (Skakkebaek et al. 2001).
Many processes governing the regulation of human physiology are encoded
during the fetal stage (Wintour et al. 2003). Accordingly, it has been
proposed (Lymperi and Giwercman 2018; Picut et al. 2018) that there is an
association between the exposure to endocrine disruptors (EDs) during
fetal, neonatal and adult life and disturbance of normal reproductive
development and function (Bonde et al. 2016; Hauser et al. 2015).

Phthalates represent one of the most produced chemical groups in
the world (450,000 tons/year) and among other uses, they confer
malleability, transparency, durability and longevity to plastic products
(Crinnion 2010). As they are not chemically bound, they can migrate into
food and liquids or evaporate, and they have become ubiquitous
environmental contaminants. Humans are continuously exposed to these
compounds during their lifetime through oral, inhalation and dermal
exposure particularly dibutyl phthalate (DBP), (Perez-Albaladejo et al.
2017). DBP has been reported to cross the human placenta and reach the
fetus (Wittassek et al. 2009), and it is included in the ED group based on

animal and in vitro studies (Lymperi and Giwercman 2018). Male rats
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exposed to high doses in utero to DBP often display Leydig cell hyperplasia,
multinucleated germ cells, and alterations in androgen-mediated
development, as evidenced by decreased anogenital distances (AGD), a
sexually dimorphic landmark which can indicate altered fetal androgen
exposure (Gallavan et al. 1999), and by the presence of male nipple
retention, supporting the hypothesis that the testis may be vulnerable to the
action of phthalates during development (Ivell et al. 2013; Lee et al. 2004;
Swan et al. 2005).

Another environmental toxicant which is also a rodent testicular
toxicant is acrylamide (AA) and its exposure has become a worldwide
concern because of its generation in a variety of carbohydrate rich foods
(breads, potato chips, cereals, biscuits, etc) when cooked at temperatures
exceeding 120°C (Friedman 2003, 2005). AA is also a chemical with a wide
range of uses, including as a flocculant in water treatment, and it is a well-
established human and rodent neurotoxin at high exposure levels (Recio et
al. 2017). The US Environmental Protection Agency (USEPA) selected AA
for Tier 1 screening under the Endocrine Disruptor Screening Program
(EDSP) (USEPA 2014). In rats, AA affects male reproductive performance
(Tyl and Friedman 2003). Sub-chronic and short-term high-dose exposures
of male rats to AA induce a variety of testicular toxicities including
multinucleated germ cells and apoptotic cells in seminiferous tubules,
decreased Leydig cell viability, degeneration of seminiferous tubules, Sertoli

and germ cell degeneration, aberrant sperm morphology, and decreased
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sperm count and motility (Mustafa 2012).

Animal models are frequently used for hazard identification and
characterization of the potential risk to human reproduction. Most published
experimental reproductive toxicity studies use total testis to evaluate
testicular gene expression. However, molecular analyses of an isolated cell
types could provide a more specific tool for detailed exploration of testicular
damage. Among testicular germ cells, spermatogonia are critical since they
represent the onset of spermatogenesis. Due to the small number of
spermatogonia in the testes, in vitro techniques are needed to enhance the
number of these cells for various analyses (Izadyar et al. 2002; Morena et
al. 1996; Zhang et al. 2016). Many experimental approaches have been
conducted to isolate spermatogonia from testes, most are based on a two-
step enzyme digestion method (Bai et al. 2008; Izadyar et al. 2002; Morena
et al. 1996), but each study has utilized different protocols that differ in
relation to the spermatogonia isolation medium, incubation time and
enrichment process. In addition, most existing spermatogonia isolation
protocols do not validate the isolation procedure by identifying the cells or
they validate it only by transplanting the isolated cells into a recipient testis.
Some markers, such as the promyelocytic leukemia zinc finger (Plzf, also
known as Zbtb16), that are involved in the regulation of diverse cellular
processes, including cell proliferation, apoptosis, differentiation, and
development, can be used to characterize spermatogonias (Costoya et al.

2004; Ozaki et al. 2011; Pieri et al. 2017).
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In this study, we developed and validated a spermatogonia isolation
technique to assess possible gene expression alterations (Pou5f1, Kitlg, Ki-
67, Bakl and Spry4) after in utero and postnatal exposure to DBP or AA.

This study aimed to: 1) establish a technique for isolation of
spermatogonia that was not time consuming; 2) validate the isolated cells
as spermatogonia by Plzf immunohistochemistry (Costoya et al. 2004; Pieri
et al. 2017); and 3) describe gene expression alterations (Pou5f1, Kitlg, Ki-
67, Bakl and Spry4) after in utero and postnatal exposure to DBP and AA

in isolated spermatogonia.
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Material and Methods
All animal procedures were conducted under protocols approved by
the University of Nebraska Medical Center (UNMC) Institutional Animal Care

and Use Committee (IACUC).

Establishment of spermatogonia isolation protocol
Animals

Male Sprague-Dawley rats (Charles River Breeding Laboratories,
Raleigh, NC) of varying ages were used to develop a spermatogonia
isolation procedure. Five additional male Sprague-Dawley rats,
approximately 5-weeks old, were obtained from the same source to validate

the procedure once it was developed.

Testes removal

Animals were euthanized with an overdose of Fatal Plus (Vortech
Pharmaceuticals, Dearborn, Michigan), 150 mg/kg body weight. In a fume
hood, the rat abdomen was sterilized with 70% ethanol and then opened.
Sterile scissors and tweezers were used to manipulate and remove both
testes. They were washed in saline and placed in a sterile culture dish
containing 5 mL Collecting medium (from Gibco, Grand Island, NY, USA:
Minimum Essential medium, 200 mM glutamine, 1M HEPES, 10 mM MEM
Nonessential Amino Acids, 50 g/mL gentamicin; from Hyclone, Logan UT,

USA: 10,000 IU/mL penicillin/10,000 mg/mL streptomycin). The culture dish
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was transferred to a biosafety hood, the tunica albuginea was removed, and
the teste were cut into small pieces.

a. Enzymatic digestion

The medium containing the testes was transferred into a sterile 50
mL tube containing 20 ml of collecting medium, 50 mg collagenase type | (2
mg/mL) (Sigma-Aldrich, St. Louis, MO, USA, #234153) and 50 mg
hyaluronidase type Il (2 mg/mL) (Sigma-Aldrich #H2126) solution. DNase |
(5ug/mL; Sigma #D4513-1VL) was added to avoid viscosity. The tube was
incubated for 60 minutes at 35°C for enzymatic digestion, and it was shaken
every 10 minutes until incubation was complete. The solution was
centrifuged at room temperature for 5 min at 30 x g (379 rpm; Sorvall Legend
Mach 1.6R) and washed once with 20 mL collecting medium, and
centrifuged at room temperature for 5 min at 30 x g. Approximately 3x the
pellet volume of Trypsin-EDTA (0.25% Hyclone, cat no. SH30042.01) was
added to lyse the cells. DNase | (5 png/mL) was added to neutralize the DNA
release, and the solution was incubated at 35°C for 10 minutes. To stop
trypsin digestion, fetal bovine serum (FBS) (10% of trypsin volume; Atlantic
Biologicals, Flowery Branch, GA, USA) and collecting medium (5 ml) were
added. The solution was filtered through a 70 pm cell strainer (Sigma-
Aldrich), and the filter was washed once with 2 mL collecting medium to
ensure all cells were collected. Filtered cells were centrifuged at room
temperature for 5 min at 30 x g (379 rpm) and 2 mL collecting medium was

added.
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b. Cell enrichment with a discontinuous density gradient

Isotonic 100% Percoll (GE Healthcare Bio-Sciences AB) was
obtained by adding nine parts of Percoll to one part 1.5M NaCl. A
discontinuous density gradient was made by diluting the Percoll suspension
with collecting medium to obtain 30%, 32% and 40% Percoll (Pertoft 2000).
The gradient column was prepared in a 15 ml Falcon tube by gently layering
1 ml of each of the above-mentioned solutions, starting with the 40% fraction
at the bottom. Slowly, 1 mL of the cell suspension was overlaid on each tube
of Percoll gradient. After centrifugation at 18°C for 30 min at 800 x g (1959
rom), the 30% and 32% Percoll layers containing spermatogonia were
carefully aspirated (Izadyar et al. 2002; Morena et al. 1996; van Pelt et al.
1996) and washed 3x in PBS (5 min at 800 x g, 18°C) to eliminate any
residue of Percoll. The pellet was resuspended in 12 mL of purification
medium (Minimum Essential medium, Gibco; 10% FBS, Atlantic Biologicals;
10,000 IU/mL penicillin/10,000 mg/mL streptomycin, Hyclone) and cultured
overnight (approx. 12 hours) in a 100 mm culture dish at 35°C and 5% CO..
Most somatic testicular cells remained attached to the culture plate while the
spermatogonia remained suspended in the medium (Hamra et al. 2008;
Izadyar et al. 2002; Morena et al. 1996; van Pelt et al. 1996).

c. Purifying spermatogonia

The day prior to the purification procedure, a 60 mm cell culture dish
was coated with 4 mL of a diluted laminin solution prepared by adding of 75

ML 1mg/mL laminin (Sigma-Aldrich) to 4 mL ice-cold Collecting medium. The
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dish was wrapped with parafilm and incubated overnight at 4°C. The day of
the procedure, the laminin-coated dish was removed from the 4°C cooler
and allowed to come to room temperature. The 100 mm cell culture dish
containing the cell suspension was removed from the 35°C incubator, and
the medium supernatant was collected and transferred to a 15 ml tube. The
100 mm cell culture dish was washed with 3 ml purification medium that was
added to the 15 ml tube. The cell suspension was centrifuged at room
temperature for 10 min at 800 x g (1959 rpm) and the pellet was
resuspended in 4 mL purification medium. The laminin solution was pipetted
out of the cell culture dish, 4 mL of purification medium was added to
prerinse the laminin-coated dish and discarded, and 4 ml of cell suspension
in purification medium was added to the dish. The culture dish was incubated
for 50 min in a humidified cell culture incubator at 32°C, 5% COa2. After
incubation, the cell suspension containing the cells not bound to the laminin
was removed by washing 3x with purification medium followed by addition
of 4 ml -0.5% BSA in 1x PBS solution and incubated for 4 minutes at 32.5°C,
5.5% CO2. The bound cells were detached from the laminin covered dish by
pipetting the PBS-BSA solution up and down about 5 times and transferred
to a 15 ml tube containing 4 ml of Purification medium. The culture dish was
checked under a microscope to make sure all cells were harvested. The cell
suspension was pelleted at 2000 x g for 5 minutes and the supernatant was
poured off by inverting the tube and holding it upside down. The pelleted

sample was stored at -80°C until all samples were ready for RNA extraction.
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Immunohistochemistry validation

For the validation procedure, the method as described above was
followed except that chamber slides instead of 60 mm cell culture dishes
were used for purification of the spermatogonia. The wells of a chamber
slide were coated with 200 pyL of the diluted laminin solution (75 pL of
1mg/mL laminin in 4 mL ice-cold collecting medium). The chamber slide was
wrapped with parafilm and incubated overnight at 4°C. The laminin-coated
chamber slide was removed from the 4°C cooler and brought to room
temperature. The cell culture dish containing the cell suspension was
removed from the 35°C incubator, and as described above, the medium
supernatant was collected and transferred to a 15 ml tube. The cell
suspension was centrifuged at room temperature for 10 min at 800 x g (1959
rpm) and the pellet was resuspended in 4 mL purification medium. The
laminin solution was pipetted out of each well of the chamber slide, and 200
ML of purification medium was added to prerinse the laminin-coated wells
and then discarded, and 200 uL of the cell suspension were added to each
of the laminin-coated wells. The chamber slide was incubated for 50 min in
a humidified cell culture incubator at 32°C, 5% CO2. After incubation, the cell
suspension containing the cells not bound to the laminin was removed by
washing 3x with purification medium. Cells were fixed by adding 200 pL
formalin to each well for 10 minutes followed by 3 washes with TBST (Tris
Buffered Saline with 0.1% Tween-20) for 5 minutes each. The laminin-

attached and fixed cells were processed for immunohistochemical detection
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of Plzf to validate the isolation procedure. Rat testes sections were used as
a positive control. Briefly, after deparaffinization of the testicular sections,
both tissue and cells were exposed to 3% hydrogen peroxide (H20:2) for 5
min to quench endogenous peroxidase activity. Heat-induced antigen
retrieval was performed only in tissue slides in 0.01 M citrate buffer, pH 6.0,
using a microwave for 10 min. Avidin binding sites, endogenous biotin and
biotin receptors (Avidin/Biotin Blocking kit, Vector Laboratories, Burlingame,
CA) were blocked in both, tissue and cells, followed by a protein block with
1% horse serum for 30 minutes. Tissue sections and cells were
immunostained overnight at 4°C with Plzf mouse monoclonal antibody
(Santa Cruz Biotechnology, Inc. Dallas, Texas, United States; sc-28319),
diluted 1:300. Secondary biotinylated antibody incubation was performed
with anti-mouse 1gG diluted 1:200 for 1 hour followed by incubation using
the avidin—biotin—peroxidase complex (ABC) for 45 min (Vectastain Elite
ABC kit, Vector Laboratories, Burlingame,CA). Positive reactions resulted in

brown nuclear staining. Plzf was assessed as negative or positive.

Environmental exposure protocol
Chemicals

Dibutyl phthalate (DBP; CAS 84-74-2) and acrylamide (AA; CAS 79-
06-1), both 99% pure) were obtained from Sigma-Aldrich). Corn oil (CAS

8001-30-7) was also obtained from Sigma-Aldrich.
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Animals

Thirty female (8 weeks old) and 15 male (10 weeks old) Sprague-
Dawley rats were obtained from Charles River Breeding Laboratories and
underwent a 1l-week acclimation period upon arrival before starting the
experiment. The animal rooms were targeted at a temperature of 21°C and
relative humidity of 50%. The animals were kept under a 12 hr light/dark
schedule. Nylabones were added to the cages for environmental
enrichment. Pelleted and autoclaved Teklad 8656 diet (Frederick, MD) was
provided ad libitum to all animals during acclimation, breeding and gestation,
and it was used as the basal diet throughout lactation and the F1 treatment
phase of the study. Control animals received unsupplemented Teklad 8656.
Animals exposed in utero to DBP or AA through gavage treatment of the
dams, received Teklad 8656 diet supplemented with DBP or AA throughout
lactation via the dams and after weaning. All test diets were prepared at
Dyets, Inc. (Bethlehem, PA). For the purposes of diet preparation, the test
materials were assumed to be 100% pure. Drinking water obtained from the
Metropolitan Utilities District, Omaha, Nebraska was provided ad libitum.
Female rats were mated overnight, two females to each male rat. Vaginal
smears were collected daily and the day of sperm detection was considered
to be day O of gestation (GDO0). Pregnant rats were randomly placed in 3

experimental groups (control, DBP or AA) with 10 dams per group.
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Dose selection: gavage and dietary exposure

Gavage doses were 500 mg/kg DBP in corn oil (100 g/L) or 10 mg/kg
AA in deionized water (2 g/L). These doses were based on reports indicating
that exposure to 500 mg/kg of DBP by gavage (embryonic days 11.5 to 20.5)
was sufficient to induce rat germ cell disorders including low sperm quality
and to compromise the function of fetal Leydig cells (Mahood et al. 2005;
Scott et al. 2008). Exposure to 10 mg/kg AA in drinking water during 8
consecutive days caused reduction of the number of germ cells in the rat
testis (Wang et al. 2010). Control dams (CTL) received corn oil by gavage
according to their body weights. To treat the offspring through the diet with
the same amount of chemicals provided by gavage to the dams, an
estimated dose was calculated based on daily ingestion reported for an adult
rat (Krizova et al. 1996) which resulted in dietary concentrations of 6000 ppm

DBP and 120 ppm AA.

Experimental design

Pregnant dams were randomized into three groups and treated daily
by gavage from gestational day (GD) 12 to GD 21 with plain corn oil (n=10;
CTL), DBP (n = 10) or AA (n = 10). From delivery (GD 21) to postnatal day
21 (PND 21, weaning), dams were exposed to DBP or AA through the diet.
Based on the literature (Fromme et al. 2011; Sorgel et al. 2002), the F1 rats
were exposed to the chemicals through the placenta and through the

maternal milk. After weaning, F1 male pups were allocated to their
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respective groups (CTL, n=20; DBP, n=20; AA, n=20) and exposed through
the diet to the respective chemicals until the end of the study on PND24 or
PND45 (Figure 1). No more than two male pups from the same litter were
used in the same experimental group. F1 body weights and food

consumption were assessed every other week until the end of the study.

AGD and nipple retention

On PND 4, after culling, the distances between the anus and the
genital tubercle (AGD) were measured in male offspring from each litter
using calipers. The measurement was performed on all male pups after
culling since all were exposed in utero, making the total number of AGD
measurements greater than the total number of animals indicated in the
experimental protocol. To avoid possible errors caused by differences in
body size, the AGD of each animal was divided by the cube root of body
weight (Gallavan et al. 1999). Litters were culled to eight pups per dam at
PND 4, preferentially males. On PND 14, male pups were inspected for the
presence of either areolae or nipples, with no distinction between them (Lee

et al. 2004; Mcintyre et al. 2002; Moore et al. 2001).

Euthanasia and sample collection
On PND 24 (n = 10/group) and PND 45 (n = 10/group), F1 animals
were sacrificed by an overdose of Fatal Plus (Vortech Pharmaceuticals,

Dearborn, Michigan) 150 mg/kg body weight.
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a. Spermatogonia isolation for PCR analysis

At necropsy, both testes of eight animals in each group were
removed, weighed and processed for spermatogonia isolation using the
method described above. Following RNA isolation, the expression levels of
Pou5fl, Kitlg, Mki-67, Bakl and Spry4 in the spermatogonia were
determined by gRT-PCR (Bio-Rad Laboratories, Inc., CA, USA).

b. Testicular histology verification

The testes of the remaining two animals in each group were removed,
weighed and fixed in modified Davidson’s fixative for 24 h (Latendresse et
al. 2002). The combined testes weight for each animal was divided by 2 prior
to statistical analysis. Following fixation, the tissue was processed for
paraffin embedding in the Tissue Sciences Core Facility at UNMC.
Approximately 4-5 micron sections were stained with hematoxylin and eosin
and examined histopathologically to enable comparison of testes

morphology to the PCR results.

RNA extraction, cDNA preparation and real time PCR

RNA samples from isolated spermatogonia cells (8 samples from
each treatment group at PND24 and PND45 time points) were extracted
following DNAse | treatment using the RNeasy Micro Kit Qiagen (Qiagen,
Germantown, MD, USA). Purified total RNA concentration (ng/uL) and
RNA/protein absorbance peaks (260nm/280nm) were measured using the

NanoDrop 1000 Spectrophotometer (Thermo Fischer Scientific, Waltham,
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MA, USA) and RNA quality (RNA quality number- RQN) was measured
using the Fragment Analyzer™ Automated CE System (Advanced
Analytical, Ankeny, IA, USA). Only samples with a ratio of approximately 2
for the 260/280 absorbance and RQN > 5 were selected for cDNA
preparation (Supplementary material, Table 1). The Iscript Reverse
Transcription Supermix for RT-gPCR (Bio-Rad Laboratories, Inc., CA, USA)
was used to obtain cDNA following the kit instructions.

To choose the best housekeeping gene to normalize gene expression
levels for all treatment groups, a predesigned reference gene plate
(PrimePCR Pathway Plate, 96 Well, Bio-Rad) was run and Pkgl (Protein
kinase G 1; qRnoCEDO0002588) gene was selected based on its stability
(Supplementary material, Table 2). A singleplex reaction was performed
using PrimerPCR™ SYBR® Green Assay (Bio-Rad) for the quantification of
Pou5f1 (gRnoCID0002379), Kitlg (gRnoCID0006033), Bak1l
(qRnoCEDO0008883), Mki67 (qRnoCID0001488) and Spry4
(qRnoCID0001805) gene expression gene expression (amplicon sequence
and length for each primer is described in the Supplementary Material, Table
3). A Bio-Rad CFX Connect™ real-time thermal cycler was used to run all
the real time PCR reactions and Bio-Rad CFX Maestro software was used

to analyze data.

Statistical analysis
Since the F1 male groups had more than one pup from the same
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litter, both the pups and dams were included in the statistical analyses,
except where stated. Variables were analyzed by a generalized linear mixed
effect model followed by a post-hoc Sidak correction (Norman and Streiner
2008). The study experimental units were the F1 male rats, adjusted by their
dams. Litter body weight on PND1, the number of pups per litter on PND1,
and the frequency of male/female pups on PND4 were analyzed by ANOVA,
Kruskal-Wallis and Fischer's exact test, respectively. Analyses were
performed with the IBM SPSS 22.0 Statistics software (Statistical Package
for Social Science; SPSS Incorporation). mRNA expression analysis was
performed using Bio-Rad CFX Maestro software. A p value of <0.05 was

considered significant.
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Results
Spermatogonia isolation and validation

To obtain an efficient release of the germ cells from the seminiferous
tubules, we performed two sequential digestions of the testes with
collagenase/ hyaluronidase followed by trypsin. The cell suspension
obtained was composed of somatic cells and germ cells. Purification of the
spermatogonial population was achieved by a two-step procedure. First, the
cell suspension was fractionated on a discontinuous Percoll gradient
followed by laminin incubation, resulting in adherence of spermatogonia.
After isolation, immunohistochemistry showed that 95% of the isolated cells

were positive for Plzf, a marker for spermatogonia (Figure 2).

Clinical signs (FO dams) and morphological landmarks (F1 pups) during
gestational and lactational period

Oral exposure in pregnant rats to DBP or AA from GD12 to GD21 had
no effect on body weight (Figure 3) or food consumption (data not shown)
compared to pregnant control rats.

On PND1, DBP in utero exposed litters showed reduced body weight
(74.4 £ S.D.g) compared to control litters (86.1+ S.D.g) (Table 2). However,
the number of pups per litter did not differ among the groups.

On PND4, before culling the litter, in utero exposure to DBP or AA did
not alter the frequency of male and female pups born compared to control

pups. (Table 3). After culling the litters on PND4, both AGD and normalized
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AGD were reduced in the male DBP-treated pups (3.4 and 1.6, respectively),
but not in male AA treated pups compared to control (4.1 and 1.9,
respectively) (Table 3). On PND14, DBP exposure resulted in increased
nipple retention in male pups (78%) compared to control (3.0%) (Table 4).

AA exposure did not alter this parameter (Table 4).

Clinical parameters and testes weights (F1)

Food consumption and body weight gain in animals exposed to DBP
or AA were comparable to the control group for animals euthanized on both
PND24 and PNDA45 (Figure 3). At PND24, the absolute (0.28) and relative
(0.43) testes weight was decreased in the DPB group compared to controls
(0.34 and 0.49, respectively), but only the decrease in relative weight was
statistically significant (Table 4). The absolute and relative testes weights in
the AA-treated group were similar to control. (Table 4). For PND45, absolute
and relative testes weights from DBP or AA-exposed animals did not differ

from controls (Table 5).

Histologic view and gene expression analysis

Two animals from each group were used for testicular histopathology
at PND24 and PND45. Chemical exposure to DPB or to AA did not alter the
morphology of the seminiferous tubular or overall testicular histology
compared to control animals.

On PND24, AA samples were not evaluated due to the poor quality
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of mMRNA. Spermatogonia isolated from the testes of DBP treated rats had
significantly reduced expression levels of Pou5f1 (0.19) and Mki67 (0.10)
compared to control animals (1.00 and 1.00, respectively). Expression levels
of Kitlg and Bak1 were comparable to the control group (Table 5). Spry4 was
not analyzed due to the small amount of mMRNA obtained from the isolated
cells.

On PND45, spermatogonia isolated from animals exposed to DBP
had reduced expression levels of Pou5fl (0.5 + 0.11) and Spry4 (0.65 *
0.15*) compared to control animals (1.00 + 0.37 and 1.00 + 0.35), but no
differences were observed in the expression levels of Kitlg, Mki67 and Bak1l
genes (Table 5). In AA-exposed animals, Pou5fl, Mki67 and Spry4
expression levels in spermatogonia were reduced but the decrease was not

statistically significant.
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Discussion

In this study, we developed a spermatogonia isolation technique for
rat testes and its efficacy was verified by immunohistochemistry for Plzf, a
spermatogonia marker. Since molecular analyses of an isolated cell type
can provide a more specific tool for detailed exploration of testicular
damage, we applied this isolation technique to verify possible gene
expression alterations (Pou5fl, Kitlg, Mki-67, Bakl and Spry4) in
prepubertal (PND24) and pubertal (PND45) testes after in utero and
postnatal exposure to DBP or AA.

Many protocols have been published for isolation of spermatogonia
but each differs in isolation medium, incubation time, enrichment process,
etc. Some of them use principally cell morphology or questionable germ cells
markers, such as c-kit, to confirm the success of the isolation (Bai et al.
2008; Hamra et al. 2008; Izadyar et al. 2002; Morena et al. 1996; van Pelt
et al. 1996). In addition, most existing spermatogonia isolation protocols use
very young animals since spermatogonia are a major component of their
seminiferous epithelium, reducing the risk of contamination by other cells
(Baazm et al. 2013; Hamra et al. 2008; Morena et al. 1996).

We followed previous protocols that were published in the literature,
but we did not achieve successful isolation of spermatogonia. As the
protocols varied, we conducted trial studies to find the best one for our
experiment design. We originally did not include the laminin purification step

and used a lower concentration of collagenase (1 mg/mL)/ hyaluronidase (1
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mg/mL) with a shorter incubation period (15 minutes) for the first step of the
enzymatic digestion, resulting in no cells at the end of the protocol. This was
probably due to the short digestion period that was insufficient to open the
seminiferous tubules. An increase in the concentration of the collagenase/
hyaluronidase solution (2 mg/mL) and the incubation period (60 minutes)
resulted in the collection of numerous cells. To refine the isolation and to
have a more selected pool of spermatogonia, we investigated 2 purification
steps: incubation on a lectin-coated dish (5 pg/mL in PBS) for 60 min
(somatic cells adherence) followed by incubation on a laminin-coated dish
(spermatogonia adherence) for 50 min. Because the somatic cells did not
bind to lectin, we did not adopt this step in the final protocol. In addition, we
tried to isolate spermatogonia from rats at different ages and found that the
younger the rat, the better the enriched germ cell pool. We originally
attempted to use flow cytometry for surface markers of spermatogonia to
validate the isolation method, however, we did not have sufficient numbers
of viable cells to generate significant fluorescence. We opted for validating
the isolation protocol by immunohistochemistry. We developed a new
protocol that achieved efficient isolation of spermatogonia for the age of rats
we used. The spermatogonia isolation procedure proposed in this study can
be performed in two days, thus, it is not a time-consuming protocol. It was
efficient in pubertal rats since 95% of the isolated cells were positive for Plzf
in 5-week old animals, suggesting the reliability of our protocol. However, a

major limitation of this isolation procedure was the small amount of extracted
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MRNA that was obtained, reducing the number of samples per group.

Since the first period of exposure to the F1 males was through the
dams by gavage, we monitored their clinical signs in case of toxicity.
Pregnant rats orally exposed to DBP or AA during GD12 to GD21 did not
show differences in their body weight or in their food consumption during the
gestational period compared to pregnant control rats. Despite that, litters
exposed to DBP showed reduced total body weight on PND1 compared to
control litters even with the same average amount of pups per litter,
suggesting that developmental exposure to DBP influences body weight
changes in early life.

Androgens are responsible for normal male masculinization and
development, i.e., they promote the growth of the AGD and are associated
with apoptosis of nipple anlagen in male rats, causing lack of nipple
development (Bowman et al. 2003; Christiansen et al. 2010). Blocking in
utero testosterone activity may result in a shortened AGD and nipple
retention in the male offspring (Hsieh et al. 2012; Li et al. 2015). In
epidemiological studies, shorter AGD in males have been frequently
associated with clinically relevant outcomes of reproductive health such as
cryptorchidism, hypospadias, poor semen quality, infertility, small testes and
low serum testosterone levels in adulthood (Foresta et al. 2018; Pasterski et
al. 2015; Thankamony et al. 2016). Reduced AGD values were observed in
Sprague-Dawley and Wistar rats exposed in utero to 300 to 900 mg/kg of

DBP (Li et al. 2015; Martino-Andrade et al. 2009; Mylchreest et al. 1998).
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We examined AGD at PND4 and nipple retention at PND14. DBP-exposed
male pups showed reduced AGD compared to control, in addition to
increased frequency of nipple retention. No significant alterations were
observed in AA exposed pups. The DBP dose administered in our studies
was sufficient to interfere with the endocrine system acting as an anti-
androgenic  substance, probably modifying the testosterone
synthesis/secretion during the development of the reproductive system that
could lead to testicular impairment in adulthood. However, we did not
measure testosterone levels to support this hypothesis.

In animal studies, reduction in offspring body weight following in utero
AA exposure has been consistently observed in mice and rats (Chu et al.
2017; El-Sayyad et al. 2011; Ogawa et al. 2011; Tyl and Friedman 2003). In
our study, food consumption and body weight gain in DBP- or AA- exposed
male rats was similar to controls in early life and at both time periods, PND21
to PND24 and PND21 to PND45. Regarding testicular toxicity, in utero and
postnatal exposure to DBP resulted in a significant reduction in relative
testes weights only at PND24; no changes were observed at PND45
compared to control. However, other laboratories have reported significant
reductions in testes weights in rats exposed in utero to 500 mg/kg/day DBP
(Fisher et al. 2003; Mylchreest et al. 1999; Mylchreest et al. 2000). The
reason for a lack of such effects in rats exposed to this same dose level in
our study is uncertain, but may be related to the high variability we found

among the animals.
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Spermatogonia express a range of genes essential for normal
development, including Pou5f1, Kitlg, Mki67, Bakl, and Spry4, that can be
evaluated after chemical exposure to determine possible modes of action
associated with toxic effects (Marcotte et al. 2017; Poynter et al. 2012,
Sisakhtnezhad 2018).

The Pou5f1 gene encodes the protein oct 3/4, which is critical in germ
cell embryonic development and is involved in cell pluripotency regulation
(Ferrara et al. 2006). During normal perinatal maturation, oct 3/4 expression
is reduced as germ cells start to differentiate (Ferrara et al. 2006). In
humans, OCT 3/4 positive germ cells have been used as an
immunohistochemical marker for TGCT since the tumor is composed of
germ cells that did not reach differentiation level (Cools 2014). The protein
Kitlg binds to the c-kit protein in germ cells activating signaling pathways that
control many important cellular processes such as cell growth and
proliferation, survival, and migration (Goddard et al. 2007; Rajpert-De Meyts
et al. 2004). This gene is highly expressed in fetal gonocytes but progressive
cellular differentiation results in loss of expression (Singh et al. 2011). Mki67
expression is correlated with the occurrence of mitoses and it can be present
independently of cellular differentiation (Kausch et al. 2003). These genes
were used to investigate the pluripotency, proliferation and mitosis potential
in the exposed spermatogonia. The apoptosis potential was evaluated by
examining Bakl expression that promotes apoptosis by binding to and

antagonizing the apoptosis suppressor activity of Bcl-2 and other anti-
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apoptotic proteins. Expression of Bakl in testicular germ cells is repressed
by the Kit-Kitlg pathway (Gilbert et al. 2011).

A common mechanism used to set up negative-feedback loops is the
inducible expression of inhibitor signaling pathways through the same
signaling pathways that they end up controlling. Spry4 proteins can
antagonize receptor tyrosine kinase (RTK) signaling participating in the
negative-feedback control. Spry4 expression is involved in diverse cellular
functions, including anti-proliferative activity, inhibition of migration, and
promotion of differentiation, and survival (Felfly and Klein 2013; Kim and
Bar-Sagi 2004; Mason et al. 2006).

In this study, despite apparently normal seminiferous tubule
histology, in utero and postnatal exposure to DBP (less so with AA exposure)
resulted in reduced gene expression in prepubertal and pubertal
spermatogonia. On PND24, only DBP-exposed animals were evaluated
since the quality of the mRNA from AA samples was not good.

Most literature data show atrophy of seminiferous tubules with germ
cell depletion after DBP exposure (Fisher et al. 2003; Mylchreest et al. 2000)
that could be linked to alterations of the cellular proliferation or apoptosis
rate. In this study, we observed reduced Pou5fl and Mki67 expression on
PND24 and reduced Pou5fl and Spry4 expression on PND45, suggesting
DBP affected the spermatogonias reducing their pluripotency and
proliferation potential associated with possible impairment of cellular

differentiation. As seen in DBP exposure studies, exposure to AA is related
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to testicular atrophy, decreased weight of testes, and degeneration of the
epithelial cells of the seminiferous tubules (Exon 2006). In this study, AA-
exposed animals, despite no significantly altered testicular parameters,
showed reduced Pou5fl, Mki67 and Spry4 expression at PNDA45,
suggesting that, despite the endocrine disruption observed in DBP
exposure, both DBP and AA act by altering similar intracellular signaling
pathways.

The association of in vivo exposure followed by in vitro approaches
to analyze reproductive toxicity may improve acquired data and facilitate
analysis of modes of action for chemicals. Our results suggest that DBP acts
by reducing cell proliferation in addition to impairment of differentiation in the
prepubertal and pubertal testes, with DBP exposure presenting possible
additional toxicity due to its potential for endocrine disruption. AA exposure

showed mild effects, but not statistically significant.
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Table 1. Pups per litter and litter body weight on PND1 in animals exposed in utero to

DBP or AA.
Number of
Pups per litter Litter BW (Q)
litters
CTL 10 14 [14.0 -14.0] 86.1+£6.7
DBP 10 13[12.2- 13.5] 74.4 +5.4*
AA 10 13[12.0 - 14.5] 78.0 £ 13.2

Data expressed as median [Q1 — Q3] or mean * standard deviation and statistical analysis

performed by Kruskal-Wallis and ANOVA followed by Tukey post-hoc test. *Significant

difference from the control group at p < 0.05.
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Table 2. Frequency of pups born, pups’ body weight and anogenital distance in animals

exposed in utero to DBP or AA.

Frequency of pups

(PND4 before culling)

PND4 (after culling)

Male Female Male F1 AGD Normalized
BW (9)
(Total) (Total) (dams) (mm) AGD
CTL 26% (69) 27% (73) 67(10) 86+1.1 41+05 2.0+0.2
DBP 23% (61) 24% (64) 55(10) 89+12 34+£03* 16+0.1*
AA 22% (59) 25% (68) 50(10) 9.1+13 4104 19+0.2

Normalized AGD = Anogenital distance/body weight V3. Data expressed as percentages

or mean * standard deviation. Statistical analysis performed by Fischer’s exact tests or

by a generalized linear mixed-effect model with gamma distribution followed by Sidak

correction. *Significant difference from the respective control group at p < 0.05.
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Table 3. Presence of nipple retention on PND14 after DBP or AA exposure.

Male nipple retention at PND14

Male F1 (dams) Presence % (N) p value
CTL 67 (10) 3.0(2)
DBP 55 (10) 78.2* (43) <0.01
AA 59 (10) 0 (0) 0.6

Data expressed as percentages. Statistical analysis performed by a generalized linear
mixed-effect model with logistic distribution followed by Sidak correction. *Significant

difference from the respective control group at p < 0.05.
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Table 4. Absolute and relative testes weights on PND24 and PND45 after in utero and

postnatal exposure to DBP or AA.

Absolute

testes weight (g)

Relative

testes weight

0.34 [0.28 - 0.36]
0.28 [0.25 - 0.32]

0.35[0.28 - 0.37]

0.49 [0.48 - 0.57]
0.43 [0.42 - 0.46]*

0.49 [0.46 - 0.53]

Male F1

(dam)
PND24
CTL 10 (5)
DBP 10 (5)
AA 10 (5)
PND45
CTL 10 (5)
DBP 10 (5)
AA 10 (5)

2.15 [1.96 - 2.36]
2.12 [1.76 - 2.29]

2.17 [1.96 - 2.31]

0.87 [0.85 - 0.97]
0.84 [0.76 - 0.95]

0.86 [0.83 - 0.93]

Data expressed as median [Q1l — Q3]. Statistical analysis performed by a generalized

linear mixed-effect model with gamma distribution followed by Sidak correction.

*Significant difference from the respective control group at p < 0.05.
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Table 5. mRNA expression of Pou5f1, Kitlg, Mki67, Bakl and Spry4 genes in isolated rat spermatogonia after in utero and

postnatally exposure to DBP or AA until PND24 or PNDA45.

Pou5f1 (N) Kitlg (N)

Mki67 (N)

Bakl (N)

Spry4 (N)

PND24
CTL 1.00+0.23 (2) 1.00 +0.15 (2)
DBP 0.19 + 0.06* (3) 0.90 +0.13 (3)
PND45

CTL 1.00+0.37 (3)  1.00 + 0.47 (2)
DBP 0.50 +0.11* (6) 0.88 + 0.47 (6)

AA 0.58+0.30(3) 0.82%0.33(3)

1.00 + 0.18 (2)

0.10 + 0.02* (3)

1.00 £ 0.18 (3)
0.86 % 0.26 (6)

0.62 % 0.21 (4)

1.00 + 0.10 (2)

1.08 + 0.16 (3)

1.00 + 0.46 (3)
1.16 + 0.25 (6)

1.16 + 0.25 (4)

1.00 +0.35 (2)
0.65 % 0.15* (4)

0.79 £ 0.24 (2)

N = number of samples for each gene analysis. On PND24, rat spermatogonia exposed to AA did not resulted in good

guality of mRNA; only CTL and DBP groups were analyzed and there was not enough amount of mMRNA to evaluate Spry4

gene. Data expressed as mean + standard deviation. Statistical analysis performed by Bio-Rad CFX Maestro software using

ANOVA followed by Tukey post-hoc test. *Significant difference from the respective control group at p < 0.05.
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Figures

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Legends of figures

Figure 1. Experimental design.

Figure 2. A) Rat pubertal testicular tissue used as a positive control for Plzf, an
spermatogonia marker; B-C) Validation of the spermatogonia isolation procedure with a
positive stain for Plzf.

Figure 3. Dam’s body weight evolution during gestational period with oral exposure to
corn oil (control), dibutyl phthalate (DBP) or acrylamide (AA) during PND12-21. Data
expressed as mean + standard deviation. Statistical analysis performed by ANOVA
followed by Tukey post-hoc test. *Significant difference from the respective control group
atp <0.05.

Figure 4. Body weight evaluation and food consumption for animals exposed in utero
and postnatally to DBP or AA until PND24 and PND45.Data expressed as mean *
standard deviation. Statistical analysis performed by a generalized linear mixed-effect
model with gamma distribution followed by Sidak correction. *Significant difference from
the respective control group at p < 0.05.

Figure 5. Histology of testes (H&E). A, B, C. Testes from control, DBP and AA animals
on PND24; the germ cell epithelium was in development. D, E, F. Testes from control,
DBP and AA animals on PND45; seminiferous tubules with complete spermatogenesis.
In both moments, PND24 and PND45, seminiferous tubules exposed to DBP or AA did

not differ histologically from control.
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Conclusion
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The spermatogonia isolation protocol developed in this study can be performed in
two days, thus, it is not a time-consuming protocol; and it was efficient in pubertal rats
since 95% of the isolated cells were positive for Plzf in 5-week old animals, suggesting
the reliability of the protocol.

Our results suggest that DBP acts by reducing cell proliferation in addition to
impairment of differentiation in the prepubertal and pubertal testes, with DBP exposure
presenting possible additional toxicity due to its potential for endocrine disruption. AA
exposure showed mild effects, but not statistically significant.

The association of in vivo exposure followed by in vitro approaches to analyze
reproductive toxicity may improve acquired data and facilitate analysis of modes of action

for chemicals.
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NEBRASKA'S HEALTH SCIENCE CENTER Office of Regulatory Affairs (ORA)
Institutional Animal Care & Utilization Committee (IACUC)

May 30, 2017

Lora Arnold MS
Pathology/Microbiology
UNMC - 5900

IACUC # 17-047-05-EP

in uteroand postnatally to w or dibutylphthalate

PERSONNEL:

Amold, Lora L (Primary)

Cohen, Samuel Monroe (Contact)

Pennington, Karen L (Research Personnel)
Pereira De Souza, Nathalia (Research Personnel)

Review Date: 05/17/2017
Dear Dr. Arnold:

The Institutional Animal Care and Use Committee (IACUC) has completed its review of your protocol utilizing
review criteria based on principles outlined in the Guide for the Care and Use of Laboratory Animals, Eighth
Edition. As part of the final review process, a harm/benefit analysis was conducted weighing the potential adverse
effects of the study against the potential benefits that are likely to accrue as a result of the research. It was
determined that the benefits outweigh, or balance, the harms and the proposal is in compliance with the Public
Health Service (PHS) Policy on the Human Care and Use of Laboratory Animals, USDA Regulations (where
applicable), the Guide for the Care and Use of Laboratory Animals, and UNMC/UNO IACUC Animal Welfare
Assurance, Guidelines and Policies. The IACUC, therefore, recommended your project for approva! This letter
constitutes official notification of the approval and release of your project by the IACUC, and you are authorized to
implement this project accordingly.

Please be advised that there may be additional training requirements before you are authorized to have contact
with animals and/or access to the animal facilities. IACUC approval does not constitute completion of all required
training nor provide authorization for contact with animals or access to animal facilities. Comparative Medicine
(CM) can be reached at 559-4034 to assist you with the additional training requirements.

The Committee wishes to remind you that, under the provisions of the Animal Welfare Assurance (A3294- -01)
from UNMC/UNO to Animal Welfare Assurance (A3294-01) from UNMC/UNC to the Public Health Service (PHS),
the principal investigator is directly responsible for keeping the IACUC informed of any proposed changes
involving the care and/or use of animals. In addition, continuing review is required. Please notify the IACUC in
writing if the protocol is completed during the approval period.

Best wishes for continued success in your research efforts.

Signed on: May 30, 2017

Robert G. Bennett, Ph.D., Executive Chair, IACUC
Andrew T. Dudley, Ph.D., Vice Chair, IACUC
987830 Nebraska Medical Center

Omaha, NE 68198-7830

Phone: 402-559-6046 or 3573

Fax: 402-559-3300

Academic and Research Services Building 3000 / 987830 Nebraska Medical Center / Omaha, NE 68198-7830
402-559-6046 / FAX: 402-559-3300 / Email: iacucora@unmc.edu / http://www.unmc.eduliacuc
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Nebraska
Medical Center

NEBRASKA'S HEALTH SCIENCE CENTER Office of Regulatory Affairs (ORA)
Institutional Animal Care & Utilization Committee (IACUC)

email: iacucora@unmc.edu

Sent by:

Rebecca Bogatz

IACUC Associate

Institutional Animal Care and Use Committee (IACUC)
987830 Nebraska Medical Center

Omaha, NE 68198-7830

Phone: 402-559-3573

Fax: 402-559-3300

mailto:iacucora@unmc.edu
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Academic and Research Services Building 3000 / 987830 Nebraska Medical Center / Omaha, NE 68198-7830
402-559-6046 / FAX: 402-559-3300 / Email: iacucora@unmec.edu / http://www.unme.edufiacuc
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