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Abstract
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) is a ubiquitous environmental contaminant and
known endocrine disruptor. Since humans and animals are most sensitive to toxicant exposure
during development, we previously developed a mouse model of in utero TCDD exposure in order
to examine the impact of this toxicant on adult reproductive function. Our initial in utero toxicant-
exposure study revealed a dose-dependent reduction in uterine sensitivity to progesterone;
however, we did not previously explore establishment or maintenance of pregnancy. Thus, in the
current study, we examined pregnancy outcomes in adult C57BL/6 mice with a history of
developmental TCDD exposure. Herein we demonstrate reduced fertility and an increased
incidence of premature birth (PTB) in F1 mice exposed in utero to TCDD as well as in three
subsequent generations. Finally, our studies revealed that mice with a history of developmental
TCDD exposure exhibit an increased sensitivity to inflammation which further negatively
impacted gestation length in all generations examined.
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1. Introduction
Over the past decade, a considerable body of evidence has begun to accumulate which
suggests that many diseases and conditions affecting adult health may actually be initiated
much earlier in life, specifically, within fetal and neonatal periods of development. The
resultant theory, known as the developmental origins of human disease (DOHaD), requires
that we begin to examine the potential role of fetal/neonatal programming on adult
pathology. Although fetal programming is a normal component of development,
programming processes can be negatively impacted by various factors, including maternal
stress, poor nutrition and exposure to environmental toxicants. In particular, numerous
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chemicals, both natural and manufactured, may act as endocrine disruptors during critical
periods of developmental programming, potentially affecting adult health related to a
number of diseases, such as cancer, impaired immune function and obesity [1]. In addition
to the development of specific diseases, there is also strong experimental evidence linking
early life exposure to environmental toxicants to the disruption of adult reproductive
processes [2]. An equally important, but poorly understood, element of reproductive
toxicology related to DOHaD is the question of whether toxicant exposure within the in
utero environment also poses a risk to the health of future generations. In this regard,
researchers have begun to focus on the disruption of epigenetic events as a causative
mechanism behind the negative effects of in utero toxicant exposure during developmental
programming [3–5].

Endocrine disrupting toxicants, such as halogenated arylhydrocarbons (HAHs), are known
to interfere with molecular and cellular aspects of the mature mammalian reproductive axis
and are suspected of increasing the incidence of infertility and reproductive tract disease in
human populations [6,7]. Unfortunately, both human and animal populations are most
sensitive environmental toxicants, including the HAHs, during development. TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin or dioxin) is the most potent member of the
polychlorinated dibenzo-p-dioxin family of HAHs, all of which are formed as unwanted by-
products of industrial processes [8]. This ubiquitous environmental contaminant is a known
endocrine disruptor and acute exposure of women and lower primates to high levels of
TCDD acts as an abortofacient and teratogen [9–12]. Additionally, TCDD and other HAHs
are highly resistant to degradation, thus they accumulate within our environment
contaminating soil and groundwater, eventually entering the food supply (primarily meat
and dairy sources) [13]. For these reasons, in human populations, ingestion of contaminated
food is the major source of exposure to the dioxin family of HAHs [14–16]. Importantly,
TCDD is lipophilic and accumulates within the body in areas of fat storage [17]; thus this
toxicant is a significant tissue contaminant in the breast. Consequently, breast milk samples
have been found to contain very high levels of this compound [18], making prenatal and
neonatal exposure of humans to toxicants such as TCDD the norm rather than the exception.

Since prospective experimental studies of early life toxicant exposures are not possible in
humans, we recently developed a mouse model of developmental TCDD exposure to
examine this toxicant’s impact on adult reproductive function. In this model, we initially
reported that developmental exposure to TCDD leads to a reduced uterine sensitivity to
progesterone in the sexually mature female offspring [19]. Perhaps not surprisingly, we
demonstrated a frequency dependent effect of developmental TCDD exposure, with the
greatest disruption in progesterone response noted in the animals exposed to this toxicant
multiple times during development and at puberty. Progesterone action may be an especially
critical toxicant target since inadequate response to this steroid has been associated with
pregnancy failure and spontaneous abortion in women and mice [20–23]. However, while
toxicant-mediated disruption of progesterone action can be linked to numerous reproductive
disorders, the potential that early life exposure of a single individual to TCDD or other
HAHs may transmit adverse pregnancy outcomes to future generations has not previously
been described.

In the current study we explored the impact of TCDD exposure at a single time-point versus
multiple time-points during development. Our primary objective was to determine whether
or not the reproductive affects we previously identified following exposure to this toxicant
[19] could be transmitted to the female descendants of exposed dams. It is important to note
that the current animal study was not designed to address the issue of relevant human
exposure levels or risk assessment for reproductive age human populations, but rather to
determine the impact of TCDD exposure at the same dose level as previously reported [19]
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on the fertility of successive generations of female mice. As will be discussed below, not
only was the establishment and maintenance pregnancy affected in the toxicant-exposed F1
mice, but in several subsequent generations as well. Perhaps equally important, an
unexpected outbreak of mouse parvovirus (MPV) within the Vanderbilt Vivarium, led to the
finding that pregnant mice with a history of early life TCDD exposure frequently exhibited
preterm birth (PTB). The increased occurrence of PTB in animals with both an early life
toxicant exposure and a subsequent viral infection suggested that two independent exposures
may have affected PTB in our colony. To test this two hit hypothesis, we conducted a
second series of studies using lipopolysaccharide as the secondary inflammatory trigger in
TCDD exposed mice known to be free of MPV infection. Herein, we describe our findings
from these studies which support the concept that early life TCDD exposure affects
reproductive tract sensitivity to inflammatory processes impacting both fertility and risk for
PTB.

2. Materials and Methods
2.1 Animals

Ten-week old, virgin female C57BL/6 mice and adult breeder males were purchased from
Harlan Sprague-Dawley (Indianapolis, IN). Animals were housed in the Animal Care
Facility according to National Institutes of Health and institutional guidelines for laboratory
animals. All animals received low phytoestrogen rodent chow (Picolab 5VO2, Purina
TestDiets, Richmond, IN) and water ad libitum. Animal rooms were maintained at a
temperature of 22–24°C and a relative humidity of 40–50% on a 12 hour light:dark
schedule. Experiments described herein were approved by Vanderbilt University
Institutional Animal Care and Use Committee in accordance with the Animal Welfare Act.

2.2 Chemicals
TCDD (99% purity) in nonane solution (50 ug/mL) was obtained from Cambridge Isotope
Laboratories (Andover, MA). Lipopolysaccharide (LPS), obtained from Enzo Life Sciences
(Plymouth Meeting, PA), was derived from E. coli (serotype 055:B5 S-form, TLR grade).
17β-estradiol, corn oil and all other chemicals were obtained from Sigma-Aldrich (St. Louis,
MO).

2.3 Animal TCDD Exposure
Following at least a one week acclimation period, female C57BL/6 mice (15–16 per group)
were mated to control breeder males and received vehicle (corn oil) or TCDD (10µg/kg) by
gavage at 1100 hours CST on gestation day 15.5 (E15.5), when organogenesis is complete.
TCDD is estimated to have a half-life of approximately 11 days in this strain [24]; thus pups
were exposed in utero and postnatally via lactation (i.e., perinatal exposure). Note: vaginal
plug = day 0.5 of gestation (E0.5). Some in utero exposed offspring additionally received
TCDD (10µg/kg) by gavage at 4 weeks of age (n=15) or at both 4 weeks and 9 weeks of age
(n=5). Thus, we generated single, double and triple-exposed animals. Our laboratory has
previously demonstrated the effect of this dose on the expression of progesterone-responsive
proteins in the uterus of exposed animals [19]. Additionally, the dose of TCDD selected
reflects the more rapid clearance of this toxicant in mice compared to humans and is well
below the LD50 for adult mice of this strain (230µg/kg) [25]. Nevertheless, we recognize
that this is a high dose of TCDD as the studies herein were designed to determine whether or
not this compound could adversely affect fertility and pregnancy. Studies examining the
toxicological profile of TCDD were beyond the scope of this study. Dams were euthanized
when offspring were weaned on post natal day 21 (PND 21).

Bruner-Tran and Osteen Page 3

Reprod Toxicol. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.4. Monitoring of Pregnancy and Parturition
Adult offspring (10–12 weeks) of exposed (F1) and vehicle-exposed (control offspring)
mice were mated to unexposed, control breeder males and monitored for pregnancy.
Females were weighed prior to mating and again on E16.5. Females were monitored daily
until delivery. Mice which did not achieve pregnancy after 3 positive plugs, or if vaginal
plugs were never found (some triply-exposed mice), were placed with a single, proven
breeder male for four weeks and observed for pregnancy. Mice which were unable to
become pregnant were considered infertile and euthanized as described below (Section 2.5).
Mice which became pregnant were allowed to continue until delivery and were similarly
euthanized and examined after pups (F2) were weaned. Surviving F2 pups were mated in
adulthood as were surviving F3 and a limited number of F4 mice and similarly examined as
the F1 animals.

Parturition in C57bl/6 mice normally occurs 19.5 days after identification of a vaginal plug
with little variation if the timing of mating is accurate [26]. However, it is important to note
that pregnancy nomenclature varies by laboratory; thus, within the literature, identification
of the vaginal plug has been denoted E0, E0.5 or E1 with term pregnancy occurring on
E19.5, E20 or E20.5, respectively. As stated above, for studies described herein, the day the
vaginal plug was identified was considered E0.5 and parturition expected on E20. Preterm
parturition in mice has been defined as spontaneous labor 12–24 hrs prior to term [27–28].
For our studies, we used the more stringent definition for PTB (spontaneous delivery more
than 24 hrs prior to term). All mice were monitored twice daily for timing of delivery of the
first pup.

2.5 Lipopolysaccharide Exposure
LPS, obtained from Enzo Life Sciences, was diluted in sterile phosphate-buffered saline
(PBS; to a volume of about 200µL/dose) to achieve 200µg/kg. Pregnant mice were weighed
and subjected to isofluorane anesthesia prior to administering of diluted LPS by
intraperitoneal injection using a tuberculin syringe (dosage administered between 1400 and
1500 hours CST on E16.5). Control mice were similarly weighed and anesthetized and
provided 200µL sterile PBS only by intraperitoneal injection.

2.6 Euthanasia and Collection of Tissues
Mice which were unable to achieve pregnancy were euthanized by cervical dislocation
under anesthesia at 16–18 weeks of age. Adult dams were similarly euthanized immediately
after pups were weaned, typically at about 18 weeks of age. At the time of euthanasia,
necropsy was performed and relevant organs removed, including uteri and ovaries. Tissues
were formalin-fixed and paraffin-embedded for microscopic analysis and subjected to
standard H and E staining.

2.7 Immunohistochemistry
Immunohistochemical localization of progesterone receptor (PR) was conducted using a
commercially available antibody (BD Biosciences, San Jose, CA), a universal biotinylated
secondary antibody and streptavidin-HRP (DAKO LSAB®+ Kit, DakoCytomation
California Inc, Carpinteria, CA) according to the manufacturer’s instructions. In brief,
formalin-fixed paraffin-embedded uterine sections (5µm) were deparaffinized, hydrated then
subjected heat-mediated antigen retrieval in 10mM sodium citrate buffer solution (pH 6.0).
Endogenous peroxidase activity was quenched by immersing sections in 3% H2O2 for 12
minutes followed by incubation in 3% bovine serum albumin in PBS containing 0.05%
Tween-20 (PBST) for 1 hour at room temperature (RT) in order to block nonspecific
reaction. Sections were then incubated with primary antibody (2µg/ml) diluted with
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blocking solution overnight at 4°C. Next, sections were washed using PBST then incubated
with biotinylated MultiLink secondary antibody (anti-goat, anti-mouse and anti-rabbit
immunoglobulins) for 30 minutes at RT. After rinsing with PBST, the sections were covered
with streptavidin-horseradish peroxidase complex for 15 minutes at RT. The reaction was
visualized using 3-3′diaminobenzidene (DAB) chromagen solution (Vector Laboratories,
Burlingame, CA) resulting in a brown precipitate. The negative control sections were
incubated only with the secondary antibody to verify the specificity of immunostaining; no
positive staining was observed (data not shown).

2.8 PCR Amplification for Mouse Parvovirus Detection
Tissue from the small intestine was collected at the time of animal sacrifice and frozen at
−20°C until use. DNA was extracted from frozen samples using a Qiagen DNeasy Kit
(Qiagen, Valenica, CA, USA). The PCR amplification reaction was performed in a 25µl
volume in a TECHNE GENUIS thermocycler using the following primer set: Forward
primer, 5′-GCAGCAATGATGTAACTGAAGCT-3′, Reverse primer, 5′-
CCATCTGCCTGAATCATAGCTTAA-3′. The conditions of the PCR were 30 repetitive
cycles of denaturing (94°C for 15 seconds), annealing (60°C for 15 seconds) and extending
(72°C for 25 seconds), followed by a final elongation step (72°C for 10 minutes). PCR
products amplified from mouse tissues were subjected to electrophoresis on a 2% agarose
gel followed by ethidium bromide staining and visualization by UV light. The predicted
product size of MPV was 260 base pairs. All PCR assays included positive and negative
controls.

3. Results
3.1 Infertility and Pregnancy Outcomes Across Multiple Generations

We had previously identified a near complete loss of progesterone receptor-A (PR-A) and
PR-B expression in mice exposed to TCDD at three intervals of reproductive tract
development and a less marked reduction in PR protein expression following a single or
dual exposure [19]. Since PR is required for establishment and maintenance of pregnancy in
women and mice [29–31], in the current study, we examined the ability of similarly exposed
animals to achieve pregnancy. As shown in Table 1, 44% of mice exposed to TCDD only
once (in utero) and 66% of mice exposed both in utero and at 4 weeks of age demonstrated
an ability to establish pregnancy. None of the mice which were exposed to TCDD at three
time-points during development (in utero, 4 weeks and 9 weeks) ever exhibited external
signs of pregnancy (weight gain, nipple prominence).

All control F1 mice (conF1, exposed only to vehicle) were able to become pregnant and
delivered at term on E20. Singly- or dually-exposed F1 mice which were able to achieve
pregnancy frequently delivered early, most commonly on E17.5, but also on E17 and E18;
resulting in high perinatal mortality. Surviving F2 female mice in each exposure group were
mated to unexposed breeder males at 12 weeks of age. As shown in Table 1, rates of
infertility in F2 mice descended from singly-exposed F1 mice was similar to that of their
mothers (43% compared to 44%). However, mice whose mothers were exposed twice (in
utero and at 4 weeks of age) fared worse with regard to fertility (29% fertility in F2 mice
compared to 66% in F1 mice which were dually-exposed). The dramatic further reduction in
fertility among F2 mice may be a reflection of the impact of TCDD exposure on F1 germ
cells (which would ultimately become the F2 mice). The limited number of offspring of
singly or dually-exposed F1 mice which were able to become pregnant limits our ability to
fully assess the incidence of PTB in the F2 generation. Nevertheless, 33% of pregnant mice
descended from the singly exposed group delivered preterm while one of only two pregnant
F2 mice in the dual exposure group delivered preterm.

Bruner-Tran and Osteen Page 5

Reprod Toxicol. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Offspring of singly or dually exposed F2 mice, the F3 generation, also exhibited infertility
and PTB compared to F3 mice descended from control mice (Table 1). These data are of
particular importance since the F3 mice are the first generation of animals which did not
have a direct exposure to TCDD and thus suggest that heritable epigenetic alterations have
been induced by ancestral exposure to this toxicant. Similarly, offspring of F3 mice (F4),
descended from dually exposed F1 mice, continued to exhibit some degree of both infertility
and incidence of PTB, further supporting an epigenetic consequence of developmental
TCDD exposure (Table 1).

3.2 PR Expression in adult mice subsequent to developmental TCDD exposure
We previously described a progressive loss of both PR-A and PR-B proteins within the uteri
of TCDD-exposed F1 mice as the number of exposures increased [19]. For the current study,
uteri were analyzed by immunohistochemistry using an antibody which detects both PR-A
and PR-B isoforms. As previously reported, we found that first generation control mice,
which were exposed only to corn oil during development, exhibit abundant PR expression
within both the uterine glands and stroma (Figure 1A). Importantly, F4 control mice which
were descended from corn oil exposed control F1 mice, also exhibit strong immunostaining
for PR (Figure 1B). In contrast, uteri from infertile F1 mice which were exposed to TCDD
in utero exhibit a greatly reduced PR expression (Figure 1C) which was also apparent in the
F4 generation (Figure 1D). Similarly, uteri from F1 mice, which were exposed to TCDD
both in utero and before puberty, exhibit minimal PR immunostaining (Figure 1E) which
also persisted in F4 infertile mice (Figure 1E). In contrast to infertile mice, fertile littermates
euthanized during estrous after weaning of pups exhibited a variable, but generally robust,
pattern PR of expression, regardless of exposure status or generation (data not shown).

3.3 Impact of Mouse Parvovirus
Late in the studies described above, we were informed by Vanderbilt’s Department of
Animal Care that our colony was contaminated with mouse parvovirus (MPV). MPV occurs
commonly in mouse colonies and does not cause overt disease in these animals [32–33].
Although this latent infection was not expected to significantly impact our reproductive
outcome study, we established a new mouse colony in an MPV-free facility and repeated a
subset of our studies. Furthermore, we began conducting routine screenings of our mice for
MPV infection (data not shown) in order to eliminate this confounder.

As shown in Table 2, F1 mice which were exposed in utero to TCDD in the absence of
MPV contamination exhibited a similar rate of infertility as F1 mice presumed to be infected
with this virus (Table 1). In contrast, the rate of PTB among the mice known to be free of
MPV infection was greatly reduced compared to those mice exposed to MPV (36% versus
86% PTB rate among singly-exposed F1 mice, respectively). Moreover, mice which
delivered early in the absence of MPV exposure did not deliver more than 36 hours early
compared to mice in the MPV-infected group, which delivered up to 72 hours early.

F3 mice, descended from F1 mice which were exposed in utero to TCDD were also
examined for pregnancy outcomes in the absence of MPV infection. Similar to the data in
the F1 mice described above, the infertility rates of F3 mice descended from singly exposed
F1 mice in the absence of MPV were markedly similar to the pregnancy rate of F3 mice
during the MPV outbreak (57% vs 55%, respectively) while the PTB rate was reduced in the
MPV-free mice (25%) compared to the mice presumed infected with MPV (40%) (Tables 1
and 2).

Importantly, control mice (conF1–conF3) never delivered prior to E20, regardless of the
presence or absence of MPV exposure, indicating that the presence of this virus alone did
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not affect gestational length. These data demonstrate an important relationship between
developmental TCDD exposure and a weakened resistance to an inflammatory challenge
mediated by a chronic viral infection. Furthermore, our data suggest that an increased
sensitivity to inflammation, resulting from a single in utero exposure to TCDD, can also be
transmitted through multiple generations.

3.4 Impact of TCDD Exposure on LPS-Induced PTB
In order to further examine a potential relationship between developmental TCDD exposure
and an increased sensitivity to inflammation, we exposed MPV-free mice to an alternate
inflammatory stressor. LPS, the major component of the outer membrane of gram negative
bacteria, has been used for many years for experimental induction of inflammation-
associated PTB [34,35]. We previously determined the lowest intraperitoneal dose of LPS
which induces PTB in control C57BL/6 mice is 250µg/kg and that doses below this amount
have no apparent adverse affect on length of pregnancy or health of pups [36]. In the current
study, in order to determine whether or F1 mice with a history of developmental TCDD
exposure exhibited a greater sensitivity to inflammation compared to conF1 mice, we
challenged MPV-free mice with a low dose of LPS during late pregnancy. Specifically, we
subjected conF1 mice and F1 mice with a history of in utero TCDD exposure to 200µg/kg
LPS on E16.5 of gestation and monitored all animals for timing of delivery. As shown in
Table 3, control mice provided PBS only or 200µg/kg LPS delivered healthy pups at term.
In contrast, 100% of pregnant mice with a history of in utero TCDD exposure (F1) delivered
within 16 hours of LPS treatment, further signifying an increased sensitivity to an
inflammatory stressor among these mice.

4. Discussion
Developmental plasticity is the concept that an organism adapts epigenetically during in
utero development to the anticipated external environment via cues available within the
maternal-fetal microenvironment. As a consequence, the developing fetus is exquisitely
sensitive to not only nutritional factors within the maternal circulation, but also to toxicants
such as heavy metals, pesticides and endocrine-disrupting compounds [37]. Among these
endocrine disruptors, TCDD and structurally-related compounds have been known to disturb
steroid action related to maintenance of pregnancy following adult exposures [10,38,39].
However, early life exposure to this toxicant may have an even greater potential to alter
reproductive success by disrupting reproductive tract development via epigenetic
modification of critical genes. Thus, there is growing concern that prenatal and neonatal
toxicant exposure may promote reproductive disorders which do not become apparent for
many years [2] and perhaps persist for multiple generations.

Although a better understanding of human health issues related to early life toxicant
exposure will be critical for making future policy decisions related to exposure risks, we
must first utilize animal models that can reveal potential toxicant-associated epigenetic
changes under controlled laboratory conditions. In this manner, using a murine model, we
have previously shown that developmental exposure to TCDD leads to reduced uterine
sensitivity to progesterone in adult female animals [19], suggesting that reproductive success
may be compromised in exposed animals. In the current study, we have examined whether
the TCDD-mediated loss of progesterone responsiveness in similarly exposed mice acts to
disrupt either fertility or maintenance of pregnancy. In addition, we examined whether the
phenotype previously observed in TCDD exposed F1 mice persists in future generations,
which would suggest that early life toxicant exposure results in heritable epigenetic
alterations that can negatively affect fertility.
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Within our current TCDD exposure studies, we found that singly-exposed F1 mice and
dually exposed F1 mice exhibited similar reproductive tract defects with regard to fertility
and maintenance of pregnancy. Specifically, both treatment groups exhibited reduced
fertility compared to control mice, with approximately half of the mice in each exposure
group able to achieve visible pregnancy (Table 1). Infertility correlated with diminished
uterine PR expression as determined by immunohistochemistry. Significantly, in the first
series of studies we also found that the majority of TCDD exposed F1 mice which were able
to become pregnant in either treatment group failed to sustain their pregnancy and delivered
preterm. Although most pups appeared to be viable at birth, (due to direct visualization or
the presence of a milkspot), all premature mice died within 24 hours of birth. Surviving
(full-term) female offspring were mated at adulthood and were similarly examined for
fertility and pregnancy outcome. With the exception of the F2 mice, which were descended
from the fertile but dually TCDD-exposed dams, we found that each successive generation
of animals exhibited similar fertility and pregnancy outcomes as the F1 mice. All toxicant
exposed mice, or descendants of exposed mice, fared worse with regard to fertility or
pregnancy outcomes compared to any generation of control mice.

Not surprisingly, F1 mice in the current study which were exposed to TCDD at multiple
times during development (in utero, 4 weeks and 9 weeks) exhibited complete infertility,
likely due in part to their profound loss of PR expression described within in our previous
report [19]. However, it is also probable that multiple exposures to TCDD impact other
reproductive organs and systems which can affect fertility. For example, defects in ovarian
steroid synthesis [39] and neural development [40] have also been noted following exposure
to this toxicant. For these reasons, our ongoing murine studies will focus primarily on the
impact of a single in utero TCDD exposure since our data suggests that a single exposure
more closely mimics the spectrum of reproductive phenotypes observed in TCDD-exposed
human populations [11,41].

Perhaps, the most profound observation of our study came following the realization that our
colony had been unexpectedly exposed to mouse parvovirus (MPV). MPV is a DNA virus of
the Parvoviridae family; although common in laboratory animal facilities, this virus does
not usually cause overt reproductive failure [33,42]. Since the virus is shed in urine and
feces, it is highly contagious and spreads quickly within a mouse colony. MPV infection is
known to impede development of grafted tumors in mice [43], but little is currently known
about the impact of this virus on reproductive tract function. Our data, presented herein,
suggests that although MPV infection alone did not affect fertility or pregnancy outcomes,
this virus dramatically affected the length of pregnancy in mice with a history of
developmental toxicant exposure.

Similar to MPV infections in mice, chronic viral infection is common among humans;
however, the inflammatory stress induced by such infection may have little impact on the
length of pregnancy in women with a robust responsiveness to progesterone at the maternal-
fetal interface. Our MPV data, albeit unintentional, suggests that the TCDD-mediated
decrease in progesterone responsiveness may heighten sensitivity to inflammation, leading
to PTB in mice additionally exposed to this virus. Specifically, the incidence of PTB among
singly-exposed F1 mice in the presence and absence of MPV was 86% and 36%,
respectively. Thus, we surmise that the higher incidence of PTB observed in the first study
was due to the combination of increased sensitivity to inflammation in the presence of an
underlying, occult inflammatory stressor (MPV). In order to explore this hypothesis, we
exposed pregnant, virus-free control (conF1) and virus-free TCDD exposed F1 mice to a
low dose of LPS that would not independently affect pregnancy length. As expected, control
mice were resistant to this inflammatory stressor while all mice with a history of
developmental toxicant exposure delivered within 16 hours of LPS treatment. Although
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speculative at this juncture, humans commonly are infected with numerous viruses that do
not cause reproductive failure (i.e., herpes simplex [cold sores] and herpes zoster [shingles]);
thus a dormant viral infection or other minor stressor (smoking, depression, allergies) might
be risk factors only in susceptible women (i.e., with a genetic polymorphism or history of
toxicant exposure).

The rate of PTB in women in industrialized countries continues to increase despite better
health care and patient awareness. Our data supports the possibility of environmental factors
which lead to reduced endometrial progesterone responsiveness and an increased sensitivity
to inflammation as a risk for reproductive tract failure. More specifically, known risk factors
for PTB among women (e.g. stress, dental caries, asthma) may only truly be risk factors for
women with a heightened sensitivity to inflammation. Although our study did not assess the
potential role of genetic polymorphisms, our data certainly supports a possible role of gene-
environment interactions in the loss of reproductive tract function observed in certain
women. Understanding the impact of “minor” stressors on inflammatory processes which
lead to reproductive dysfunction, such as PTB, should allow development of better
management strategies for both clinicians and patients.
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Figure 1. Immunolocalization of PR in Uteri of Adult Mice
(A) Vehicle-exposed control F1 (conF1) mouse euthanized during estrous exhibits abundant
PR immunolocalization; (B) PR immunolocalization of a conF4 mouse descended from a
conF1 mouse also reveals abundant PR immunostaining. (C) PR immunolocalization in an
infertile F1 female exposed to TCDD in utero only demonstrates reduced stromal and
epithelial cell PR expression. (D) PR immunostaining of a uterus from an infertile F4
mouse, descended from a fertile F1 mouse which was exposed to TCDD in utero. (E) PR
immunolocalization in the uteri of an infertile F1 female exposed to TCDD in utero and just
prior to puberty reveals minimal PR expression in the stromal and epithelial compartments.
(F) PR immunolocalization in the uterus infertile F4 female descended from a dually-
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exposed F1 female also exhibits a greatly reduced expression of PR protein in all
compartments. Original magnification, 20×. Images are representative of results from at
least four mice per group.
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Table 1

Impact of Developmental TCDD Exposure on Reproductive Outcomes in Adult C57bl/6 Mice During a
Mouse Parvovirus Outbreak

Mouse Exposure History generation Pregnancy Rate Pregnancy Outcome

Full-term Preterm

Vehicle Control1

 conF1 15/15 (100%) 15/152 0/15

 conF2 10/10 (100%) 10/10 0/10

 conF3 8/8 (100%) 8/8 0/8

 conF4 12/12 (100%) 12/12 0/12

TCDD in utero3

 F1 7/16 (44%) 1/7 6/7

 F2 3/7 (43%) 2/3 1/3

 F3 5/9 (55%) 3/5 2/5

TCDD in utero + prepubertal4

 F1 10/15 (66%) 4/11 7/11

 F2 2/7 (29%) 1/2 1/2

 F3 3/6 (50%) 2/3 1/3

 F4 6/8 (75%) 5/6 1/6

TCDD in utero + prepubertal + puberty5 0/5 (0%) N/A

1
Pregnant mice were exposed to corn oil vehicle (control) on E15.5 and control offspring (conF1 mice) mated at 10–12 weeks of age. Offspring of

conF1 mice (conF2 mice) were mated at a similar age, as were the conF3 and conF4 generations of mice.

2
Only a subset of control F1–F3 offspring were used to obtain additional generations of unexposed mice.

3
Pregnant mice were exposed to 10 ug/kg TCDD in corn oil vehicle on E15.5 and singly exposed offspring (F1 mice) were mated at 10–12 weeks

of age. Offspring of F1 mice (F2 mice) were mated at a similar age, as were the F3 generation.

4
Pregnant mice were exposed to 10 ug/kg TCDD in corn oil vehicle on E15.5 and offspring were additionally exposed to 10 ug/kg TCDD in corn

oil vehicle, resulting in dually-exposed F1 mice (F1); mice were mated at 10–12 weeks of age. Offspring of F1 mice (F2 mice) were mated at a
similar age, as were the F3 and F4 generations of mice.

5
Pregnant mice were exposed to 10 ug/kg TCDD in corn oil vehicle on E15.5 and offspring were additionally exposed to 10 ug/kg TCDD in corn

oil vehicle at 4 weeks of age and at 9 weeks of age, resulting in triply exposed F1 mice (F1). Adult mice were mated at 10–12 weeks of age; no
pregnancies were observed.
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Table 2

Impact of Developmental TCDD Exposure on Reproductive Outcome in MPV-free C57bl/6Mice over
Multiple Generations

Exposure Pregnancy Rate Pregnancy Outcome

Full-term Preterm

Vehicle Control1

 conF1 10/10 (100%) 10/102 0/10

 conF3 12/12 (100%) 12/12 0/12

TCDD in utero3

  F1 11/28 (39%) 7/11 4/11

  F3 8/14 (57%) 6/8 2/8

1
Pregnant mice were exposed to corn oil vehicle (control) on E15.5 and control offspring (cF1 mice) mated at 10–12 weeks of age. Offspring of

conF1 mice (conF2 mice) were mated at a similar age, as were the conF3 mice.

2
Only a subset of conF1–F3 offspring were used to obtain additional generations of unexposed mice.

3
Pregnant mice were exposed to 10 ug/kg TCDD in corn oil vehicle on E15.5 and singly exposed offspring (F1 mice) were mated at 10–12 weeks

of age. Offspring of singly exposed F1 mice (F2 mice) were mated at a similar age, as were the F3 mice.
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Table 3

Impact of LPS-Induced Preterm Birth in Adult C57bl/6 Mice with a History of Developmental TCDD
Exposure

Mouse Phenotype and Treatment Pregnancy Rate Pregnancy Outcome

Full-Term Preterm

Vehicle Control + 200 uL PBS1

conF1 7/7 (100%) 7/7 0/7

Vehicle Control + 200 ug/kg LPS2

conF1 5/5 (100%) 5/5 0/5

TCDD in utero + 200 ug/kg LPS3

F1 3/6 (50%) 0/3 3/3

1
Pregnant, control mice (conF1) were provided 200 uL PBS by intraperitoneal injection under anesthesia on E16.5 and monitored until delivery.

2
Pregnant, control mice (conF1) were provided 200 mg/kg LPS in 200 uL PBS by intraperitoneal injection under anesthesia on E16.5 and

monitored until delivery.

3
Pregnant, adult mice which were exposed to TCDD during their own in utero development (F1), were provided 200 mg/kg LPS in 200 uL PBS by

intraperitoneal injection under anesthesia on E16.5 and monitored until delivery.
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