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Abstract

The intrauterine environment provides a key interface between the mother and the developing
fetus during pregnancy, and is a target for investigating mechanisms of fetal programming. Studies
have demonstrated an association between prenatal stress and neurodevelopmental disorders. The
role of the intrauterine environment in mediating this effect is still being elucidated. In this review,
we discuss emerging preclinical and clinical evidence suggesting the existence of microbial
communities /in utero. We also outline possible mechanisms of bacterial translocation to the
intrauterine environment and immune responses to the presence of microbes or microbial
components. Lastly, we overview the effects of intrauterine inflammation on neurodevelopment.
We hypothesize that maternal gestational stress leads to disruptions in the maternal oral, gut, and
vaginal microbiome that may lead to the translocation of bacteria to the intrauterine environment,
eliciting an inflammatory response and resulting in deficits in neurodevelopment.
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Developmental Origins

The intrauterine environment contains a milieu of hormones, metabolites, cytokines (see
Glossary), and nutrients, and plays a critical role in the development of the fetus during
pregnancy. The placenta acts as the primary interface between the maternal and the fetal
environment by selectively transferring nutrients and oxygen to the fetus, removing waste,
producing hormones, serving as a protective physical barrier, and harboring its own immune
microenvironment [1-3]. Meanwhile, the uterus provides a site for the implantation of the
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embryo during pregnancy and contracts during labor and delivery [4]. For these reasons, the
intrauterine environment provides an enticing target for investigating mechanisms by which
changes in the mother can impact the development of the offspring.

Epidemiologist David Barker, demonstrated an association between maternal nutritional
status and ischemic heart disease in the offspring in adulthood [5], building upon ideas first
posed by James Neel [6]. From this landmark study, the Developmental Origins of Health
and Disease Theory, or the idea of “fetal programming,” was established, suggesting that
adverse experiences in utero permanently alter organ development and physiology and
influence health outcomes later in life. Since then, various fields have investigated links
between metabolic and psychosocial stress in the mother during pregnancy and a wide array
of conditions and diseases in the offspring, including asthma, diabetes, and obesity [7,8].
Furthermore, in both preclinical and clinical studies, prenatal stress has been linked to
preterm birth [9], neurodevelopmental disorders [10,11], and mood disorders [12]. In this
context, we use “stress” to refer to the body’s physiological response to demand, as
originally defined by Hans Selye [13], and “stressors” to refer to experiences that induce
these physiological changes. Stressors commonly include experiences such as
socioeconomic difficulties or exposures to natural disasters in humans, and restraint
exposure to cold, food deprivation, or social isolation in rodent models.

Although a relationship has been established between prenatal stress and
neurodevelopmental disorders, the mechanisms underlying this association have yet to be
fully elucidated. A role for the intrauterine environment in this context seems plausible,
given that it consists of a complex mixture of hormones, cytokines, and metabolites, and that
each of these elements could contribute to fetal programming, both individually and through
interactions among these components.

This review will primarily explore intrauterine microbiota and inflammation as potential
mechanisms by which prenatal stress can impact neurodevelopment. We acknowledge that
these are not the sole factors that may mediate the programming effects of stress, and we
refer the readers to prior reviews of other potential mechanisms, including for instance
changes in serotonin signaling [14,15], excess glucocorticoids [16-18], and epigenetic
regulation [19,20].

The Intrauterine Environment

The key components of the pregnant intrauterine environment include the uterus, placenta,
fetal membranes, and umbilical cord. Discussions in this review will focus primarily on
humans and rodents, because most of the current literature on the links between maternal
gestational stress and offspring neurodevelopment is based on these models. We first briefly
present and compare the relevant components of the placenta and the uterus in these two
species (Figure 1].

The Placenta

The placenta is an elaborately complex and heterogenous organ [21-23]. The human and the
rodent placenta share structural features and functions; however, they diverge in
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morphogenesis, nomenclature, and specific cell types within the organ. For this reason,
translation of findings from the rodent placenta to the human one should be conducted with
caution. With that, the rodent model provides a valuable tool, for instance when aiming to
assess causality between maternal gestational stress and the development of the fetus.

Both the human and the rodent placenta contain distinct layers of maternal and fetal tissue.
The maternal component is primarily derived from uterine cells and maternal vasculature,
whereas the fetal aspect includes trophoblast cells, fetal vasculature, and mesenchyme [24].

In humans, the outer layer, called the decidua, is composed of uterine cells derived from the
endometrium, spiral arteries and veins [1], and immune cells [25] (see Inflammatory
Response). The decidua also contains fetally-derived extravillous trophoblasts, which
differentiate from trophoblast progenitor cells and invade the uterine stroma [3,24]. Beneath
the decidua is a layer of chorionic villi, which comprise the functional unit of the placenta
for the exchange of nutrients, waste, and oxygen [2]. The villi are made up of fetally-derived
multinucleated syncytiotrophoblasts, cytotrophoblasts, a mesenchymal core, and fetal
capillaries, and are bathed in maternal blood [2,3,24,26]. Single-cell RNA sequencing of
human placentas has further revealed distinct subsets of cytotrophoblast and extravillous
trophaoblast cells based on gene expression [21,27]. The decidua and the villi directly
adjacent to the decidua, in combination, are called the basal plate of the placenta [26].
Finally, the innermost layer of the human placenta is the chorionic plate, which consists of
trophoblast cells, extracellular matrix, and fetal vessels [24]. In rodents, the decidua and
mesometrial triangle together are comparable to the human decidua, containing uterine cells,
maternal vasculature, immune cells, and fetal trophoblast cells that invade the uterine lining
[3,28]. Different from the human placenta, in rodents, a layer of spongiotrophoblast cells,
trophoblastic glycogen cells, and trophoblastic giant cells lie beneath the decidual surface,
forming the junctional zone [3]. The junctional zone and the decidua together correspond to
the basal plate of the human placenta [24]. The labyrinth is the region of nutrient, waste, and
oxygen exchange in the rodent placenta, analogous to the chorionic villi in the human
placenta. The labyrinth is composed of two layers of syncytiotrophoblast and a mononuclear
trophoblast layer that separate the maternal and the fetal blood [2,3,29]. Unlike the
branching villi of the human placenta, this layer forms a maze-like pattern [24,29]. Finally,
the chorionic plate is the innermost layer of the rodent placenta, closely resembling that of
the human placenta.

In addition to the heterogenous cellular composition of the placenta, single cell
transcriptomic studies have revealed a myriad of ligand and receptor pairings facilitating
communication between the maternal and fetal interface [22,23]. Due to the inherent
complexity of this transient organ, future single-cell transcriptomic analyses can facilitate a
better understaning of how maternal exposures may affect fetal development.

Anatomically, the human uterus differs in structure from the rodent uterus. Whereas the
human uterus consists of a single body, the rodent uterus contains two uterine horns that
extend from the main uterine body. Microscopically, human and rodent uteri are more
similar; both consist of three layers of tissue: the perimetrium is the thin outer layer of
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epithelial cells; the myometrium is the middle layer of the uterus, consisting of smooth
muscle cells with contractile functions; and the endometrium is the innermost layer of the
uterus that responds to hormonal changes during the menstrual cycle and interfaces with the
fetus during gestation [4].

Although rodents are commonly used as animal models, the bovine uterus has also been
used in many experiments, particularly in those investigating intrauterine microbiota [30,31].
With two uterine horns extending from the body, the bovine uterus more closely resembles
the rodent uterus. Microscopically, the bovine uterus is similar to both the rodent and the
human uterus, also comprising three distinct tissue layers.

Intrauterine Microbiota

The existence of an intrauterine microbiome in a healthy pregnancy is a controversial and
highly debated topic. Historically, the intrauterine environment was thought to be sterile.
However, a number of recent studies using next-generation sequencing techniques have
demonstrated the presence of commensal bacteria in the healthy placenta and uterus in both
humans and animal models [32-36]. In contrast other studies argue that the bacteria
identified using these techniques result from reagent contamination [37-39]. Even the studies
that do argue for the presence microbes in the intrauterine environment acknowledge the low
bacterial load [32,33,35,36,40], which contributes to the heated debate. Next, we briefly
review these contradictory lines of evidence that seem to support and refute the existence of
commensal intrauterine microbiota, and then explore emerging findings pointing at possible
changes in the intrauterine microbiota associated with prenatal stress.

Placental Microbiota

Through the use of 16S-based metagenomic and whole genome shotgun sequencing, a
unique microbiome has been identified in the human placenta [32-35]. However, the species
that were found in different studies are inconsistent. While several showed that the placental
microbiome closely resembles the oral microbiome, specifically identifying £scherichia coli,
Prevotella tannarae, and non-pathogenic Neisseria species as the most abundant [32,33],
others demonstrated that the bacterial communities in the placenta were more similar to
those in the vagina [34]. In these studies, the placental microbiome significantly differed
from DNA extraction and PCR blanks [32-34]. Furthermore, the resemblance between the
vaginal and placental microbiome remained after controlling for delivery method, suggesting
that the finding was not due to contamination of the placenta from passage through the
vaginal canal [34]. Separately, Enterobacteriaceae have also been identified as a dominant
family in the healthy human placenta [41]. The variability in these findings could be
explained by the different sections of placental tissue collected in each experiment
suggesting that the layers of the placenta could harbor unique microbial communities. The
studies that found similarities between the placental and oral microbiome used chorionic
villi samples [32], whereas vaginal microbiota were present in samples from the entire
placenta [34] and Enterobacteriaceae were found in decidual samples [41]. Evidence also
shows that the fetal membrane and the basal plate of the human placenta differ in terms of
bacterial diversity and abundance [25]. Additionally, intracellular bacteria have been
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identified in the basal plate, regardless of clinical or histologic diagnosis of chorioamnionitis
[42]. Extravillous trophoblasts, in particular, have been identified as the target of infection
through the use of an /n vitro culture of human placental explants [43].

Notably, several groups have cultured viable microbes in human placenta, amniotic fluid,
and umbilical cord blood samples, including Escherichia coliand Enterococcus faecalis
[40,41,44]. However, the viable microbes also included Propionibacterium acnesand
Staphylococcus epidermidis, which are both essential components of the skin flora and
could potentially result from contamination through contact with the skin [40].

Despite these compelling findings, there is also evidence suggesting that the bacteria found
in human placental samples does not differ from contamination controls [37,39,45]. In one
experiment, DNA was purified from the basal plate and fetal aspect of human placental
tissue and total 16S rRNA gene copies were quantified in the tissue, showing that the
placenta contained a low bacterial load comparable to that observed in the negative
contamination controls. Additionally, the bacterial lineages in the placenta determined by
sequencing were not readily distinguishable from those in the air swab, sterile swab, and
extraction blank contamination controls [37]. This work was later replicated by the same
group and extended to apply to placentas from spontaneous preterm and term births. Using
16S rRNA sequencing and shotgun metagenomic sequencing, the placental samples were
found to closely resemble the contamination controls, and no differences were found based
on timing or mode of delivery [39]. A second group also failed to define a consistent
placental microbiome using 16S rRNA sequencing on human basal plate samples [45].
However, in contrast to the first study, Mycoplasmaand Ureaplasma were identified in
spontaneous preterm birth, but not the term birth, samples [45]. Furthermore, several reviews
and commentaries assessing the evidence supporting and refuting the existence of a
placental microbiome ultimately concluded that microbiota are not present under non-
pathologic conditions [46,47]. Indeed, a commonly cited argument is that the ability to
generate germ-free mice by delivering fetuses via cesarean section and raising the offspring
in sterile environments refutes the idea that the placenta contains microbes [46]. With such
controversy regarding the existence of a placental microbiome, it is imperative that stringent
environmental and reagent contamination controls are used.

To date, the only study (to our knowledge) that has investigated the effect of maternal
gestational stress on placental microbes was completed in a rodent model, showing that
restraint stress in pregnant mice tended to alter the microbial community structure in the
placenta [36]. Furthermore, the changes in microbial composition with stress were
associated with increased anxiety-like behavior and decreased brain-derived neurotrophic
factor in the amygdala of adult female offspring [36]. Additional research is warranted to
examine the direct effect of alterations in placental microbial communities on the
development of the fetal brain. Further work is also required to extend these findings to the
human placenta following prenatal stress.

Uterine Microbiota

Similar to the placental microbiome, the presence of microbiota in the healthy uterus has
sparked much discourse and debate. Using 16S rRNA sequencing, the dominant taxa
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identified in human non-pregnant endometrial samples were in the Bacteroidetes phylum,
which is commonly found in the gut microbiome [48]. This finding was further supported by
evidence of Bacteroidetes in virgin and pregnant bovine uteri [30,31]. Firmicutesand
Proteobacteria were also abundant in the bovine uteri [30]. By contrast, another study of the
human non-pregnant uterus found that Lactobacillus iners, Prevotellaspp., and Lactobacillus
crispatus were the dominant species, which are also present in the vaginal microbiome [49].

To date, no work has been completed on changes in the uterine microbiome under conditions
of prenatal stress. However, due to the intimate interface between the uterus and the fetus,
the uterine microbiome could provide an important avenue for future investigation.

Possible Sources and Sequelae of Intrauterine Microbiota

The close resemblance between the microbial communities found in the intrauterine
environment (according to some of the studies arguing for their presence) and those found in
the oral cavity, the gut, and the vagina raises a question about the origin of the intrauterine
microbiota. Two primary mechanisms of transmission have been hypothesized: direct
ascension from the vaginal canal or hematogenous spread from distal sites such as the oral
cavity and the gut [50].

In support of the hypothesis that microbiota ascend from the vaginal canal through the
cervix to seed the intrauterine environment, human and rodent uteri have been shown to
uptake radioactively labeled particles and bioluminescent bacteria from the vagina [51,52].
Additionally, vaginal microbiota have been implicated in shaping the gut microbiome of the
offspring [53,54], presumably through seeding during delivery. The bacterial communities in
the neonatal murine gut have been shown to most closely resemble the composition of the
vaginal microbiome of the mother [53]. Indeed, maternal stress during pregnancy in a rodent
model has been shown to reduce the abundance of Lactobacillus species in the maternal
vaginal microbiome and in the neonatal offspring gut [55]. The neonates from this study also
had dysregulated metabolic profiles in the developing brain [55]. Furthermore,
transplantation of vaginal microbiota from stressed dams to naive pups enhanced the stress
response in male offspring, implicating the vaginal microbiome in fetal programming [54].
Although ascension of stress-altered vaginal microbiota into the intrauterine environment
presents a possible hypothesis for mediating the neurodevelopmental effects of prenatal
stress, vertical transmission of microbes directly from the vagina to the neonatal gut is an
equally if not more plausible and compelling mechanism.

Alternatively, evidence from a bovine model suggests that the blood and the uterus contain
similar pathogens, supporting the idea that these pathogens may be transmitted
hematogenously [31]. To directly investigate hematogenous transmission, additional studies
have been conducted using experimentally inoculated rodents, allowing investigators to trace
bacterium to the intrauterine environment. Injections of human salivary and subgingival
plaque samples into the tail veins of pregnant mice resulted in the presence of bacterial DNA
in the placenta that closely resembled the communities identified in the salivary and plaque
samples [56]. Orally inoculating pregnant mice with bacteria, specifically Enterococcus spp.,
also led to the translocation of bacteria into the amniotic fluid, placenta, and fetus [44,57].
Finally, bacterial DNA has been identified in peripheral blood mononuclear cells that
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resembles the bacterial DNA found in breast milk, suggesting that bacteria may be
transported to distal sites via peripheral blood mononuclear cells [58].

The significance of the hematogenous transmission of bacteria lies in the potential for
microbes in the oral cavity or the gut to enter the bloodstream and translocate to the
intrauterine environment following prenatal stress. There is accumulating evidence that
stress leads to alterations in the microbial communities in the gut [36,59,60]. Furthermore,
disruptions of the gut microbiome have been shown to increase permeability of the gut
epithelial barrier, allowing microbes or microbial components to escape from the lumen of
the gastrointestinal tract and enter the bloodstream [61,62]. Once in circulation, these
microbes are capable of translocating to other organs, including the spleen [63], suggesting
that the bacteria or bacterial DNA may be able to seed the intrauterine environment as well.

Although it is unclear if placental microbiota can directly influence neurodevelopment the
presence of microbiota can elicit an inflammatory response within the intrauterine
environment, which can lead to adverse effects on the development of the fetal brain (see
Inflammatory Response). Furthermore, even if viable bacteria are not present in the
placenta, toll-like receptors can respond to nucleic acids from microbes (Reviewed in [64]),
and are therefore capable of unleashing an immune response. Studies of intrauterine
infections in animal models and in humans have both demonstrated that the presence of
microbes or microbial components can lead to the recruitment of immune cells to the
placenta and the release of pro-inflammatory cytokines [65-67]. Specifically, the presence of
anaerobic Streptococcus spp. and Mycoplasma spp. in the human placenta have been
associated with differential CpG methylation of immune-related genes [68]. Additionally,
bacterial cell wall peptidoglycan has been shown to be capable of passing into the murine
placenta and into the fetal brain, inducing neuroproliferation, and resulting in deficits in
spatial learning and working memory in the offspring [69].

Given the associations between maternal gestational stress and alterations in maternal
gastrointestinal and vaginal microbial communities, the potential mechanisms of bacterial
translocation, and the immune responses elicited by the presence of microbiota in the
intrauterine environment, we hypothesize that prenatal stress leads to changes in the gut,
oral, and vaginal microbiome that allow for the translocation of bacteria to the intrauterine
environment either hematogenously or through direct ascension, resulting in a maternal
inflammatory response that may impact neurodevelopment by way of the placenta (Figure 2,
Key Figure]. To further support this hypothesis, we will explore the inflammatory sequelae
of prenatal stress, and the effects of intrauterine inflammation on neurodevelopment.

Inflammatory Response

Stress leads to an increase in inflammation both peripherally and in the central nervous
system (reviewed in [70]). Additionally, mothers who have experienced stress, depression, or
anxiety during pregnancy have increased inflammatory markers in their plasma [71,72].
Furthermore, there is growing evidence that inflammation during pregnancy can lead to the
emergence of behavioral and cognitive changes in the offspring [73,74]. As the interface
between the mother and the fetus, the intrauterine environment provides a semi-permeable
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bridge by which inflammatory molecules in the mother’s circulation could influence the
neurodevelopment of the fetus.

Intrauterine Immune Components

Immune cells are present within the decidua and the chorionic villi of the placenta, as well
as within the non-pregnant endometrium [75]. During the first trimester of pregnancy,
approximately 30-40% of the stromal cells within the decidua are leukocytes[75]. Uterine
natural killer (uUNK) cells (also called decidual NK cells) comprise 70% of the leukocytes
within the decidua and modulate the invasion of extravillous trophoblast cells into the
decidua early in gestation [22]. Single cell transcriptomic analysis of the placenta has
revealed three distinct populations of uNK cells that tightly regulate the immune
microenvironment of the placenta [22]. Additionally, uNK cells produce various cytokines,
including TNF-a, IL-1pB, and IFN-y, and have moderate cytotoxic activity [75]. The second
major population of immune cells within the placenta are specialized fetal macrophages
called Hofbaeur cells that reside in the placental villi [75]. These macrophages typically
display an alternatively activated phenotype, producing anti-inflammatory mediators such as
IL-10 and TGF-B [76], but can also be involved in phagocytosing cellular debris [75].

Effect of Maternal Gestational Stress on Inflammation

The strong association between stress and inflammation has led to an increased interest in
examining inflammatory markers in the intrauterine environment both in rodents and in
humans. In rodents, studies have shown that maternal stress during pregnancy is associated
with an increase in pro-inflammatory cytokines such as IL-1p and IL-6 in the placenta
[36,77,78]. Cold stress in pregnant rats resulted in an increase in IL-1p in the labyrinth [78].
In this study, placental samples per dam were of mixed sex, and accordingly conclusions
about sex-specific effects were precluded. Restraint stress in a mouse model was shown to
increase IL-1B in female placentas [36], while chronic variable stress led to an increase in
IL-1B and IL-6 only in male placentas [77]. These seemingly contradictory sex-specific
findings could be explained by the differences in timing of the prenatal stress used in the two
studies: the former employed a mid-to-late gestation stress model, while the latter utilized an
early gestational model. This emphasizes the importance of timing of prenatal stress in
influencing placental function.

Evidence from human studies further supports the link between maternal gestational stress
and placental inflammation. For instance, through the use of transcriptional profiling, one
study found that socioeconomic disadvantage was associated with the upregulation of genes
involved in immune activation and the downregulation of genes involved in fetal immune
tolerance in the chorionic villi [79]. Furthermore, these transcriptional changes associated
with socioeconomic disadvantage were ameliorated with stress reduction and enhanced
social support [79]. High levels of social stress and moderate to severe symptoms of
depression were also shown to be associated with an increase in proinflammatory factors,
necrotic villi, and polymorphonuclear cell infiltration in the decidua [80].
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Effect of Intrauterine Inflammation on Neurodevelopment

Intrauterine inflammation has been associated with alterations in fetal neurodevelopment
and offspring behavior in adulthood [81-83]. Notably, intrauterine inflammation is also
linked to preterm birth [84,85], which may mediate the neurodevelopmental effects [86],
though intrauterine inflammation insufficient to induce preterm birth can still result in
neuronal injury [83].

Elevated levels of IL-1p in placentas was associated with enhanced anxiety-like behavior in
female murine offspring from prenatally stressed dams [36]. In male offspring, by contrast,
increased IL-1p and IL-6 in the placentas as a result of prenatal stress was associated with
hyperactivity [77]. Furthermore, administration of an anti-inflammatory agent ameliorated
the hyperactive phenotype [77].

Although several studies have examined the role of intrauterine inflammation on
neurodevelopment in the context of prenatal stress, most current data exploring this
relationship comes from rodent maternal immune activation models. In these models,
lipopolysaccharide (LPS) or polyinosinic-polycytidylic acid (poly(l:C)) are used to
induce an inflammatory response in the dams during pregnancy(Reviewed in [87]). Briefly,
injections of LPS have been shown to increase pro-inflammatory cytokine levels in the fetal
brain and compromise blood-brain barrier integrity [88]. Furthermore, intrauterine injections
of LPS were associated with an increase in microglial density and activation, as well as an
increase in excitatory synaptic strength in the hippocampus of mice exposed to LPS /n utero
[89]. Additionally, injections of poly(l:C) have been shown to increase levels of IL-6 and
IL-17a in the intrauterine environment, leading to abnormal cortical development in the fetal
brain and deficits in social behavior in the offspring [90]. Furthermore, the cortical and
behavioral findings were recapitulated with injections of IL-17a into the fetal brain [90]. Of
note, these findings were shown to be dependent on the presence of segmented filamentous
bacteria in the maternal gut microbiome [91].

Further experiments implicate IL-1, IL-6, CD4+, and CD8+ T cells in the mechanism
underlying adverse fetal brain development following intrauterine inflammation [92-94].
Exposure to IL-1p in mice resulted in infiltration of CD4+ and CD8+ T cells to the placenta
and led to cortical thinning [95], whereas administration of an IL-1 receptor antagonist
exposed to IL-1 ameliorated the cortical microvascular degeneration [93]. Intraperitoneal
injections of IL-6 recapitulated the increase in density of multivacuolated microglia, delay in
migration of GABAergic progenitors, and anxiety-like behavioral phenotypes observed with
prenatal stress in mice [94]. In addition, the administration of anti-IL-6 prior to prenatal
stress rescued the microglial and GABAergic changes, although the behavioral phenotype
persisted [94].

Concluding Remarks and Future Perspectives

There is accumulating evidence that the intrauterine environment plays an important role in
mediating the effects of maternal stress during pregnancy on offspring neurodevelopment.
Ongoing research aims to elucidate the mechanisms underlying these influences. Several
studies have provided evidence suggesting the existence of a placental and uterine
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microbiome during a healthy pregnancy, though others have argued that the microbial
communities found in the placenta could not be distinguished from reagent contamination
controls. Of note, emerging evidence suggests that even if the healthy intrauterine
microbiome does not exist, bacteria or bacterial components may be able to translocate to
the intrauterine environment hematogenously, from the gut or the oral cavity, or directly
through ascension from the vaginal canal. Furthermore, the presence of microbes or
microbial components in the intrauterine environment can elicit an immune response with
deleterious neurodevelopmental consequences. Based on the findings in the current
literature, we hypothesize that intrauterine microbiota and the resulting inflammatory
response could be key players in sculpting the fetal brain following maternal gestational
stress and warrant additional investigation to further elucidate mechanistic elements and
localize findings within the placenta and uterus. According to the proposed framework, one
could envision that targeting the intrauterine microbiota and inflammatory response, for
instance through the use of probiotics and prebiotics or anti-inflammatory agents, could
provide ways to ameliorate the detrimental neurodevelopmental effects of maternal stress
during pregnancy.
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Cytokines:

proteins released by cells in the immune system, endothelial and epithelial cells, and stromal
cells that play an integral role in immune signaling. Cytokines can either be pro-
inflammatory or anti-inflammatory, i.e., leading to an increase or decrease in the activation
and recruitment of immune cells, respectively.

Lipopolysaccharide (LPS):

a component of the cell wall of gram-negative bacteria that is a potent activator of the innate
immune system. LPS is commonly administrated to elicit an immune response in animal
models.

Microbiome:

the genetic material of the commensal microorganisms, including bacteria, viruses, fungi,
and archaea, found on the skin or on mucosal surfaces, such as in the gut, the oral cavity, or
the vagina.

Polyinosinic-Polycytidylic Acid (Poly(l:C)):
a synthetic double-stranded RNA polymer that is used to simulate a viral infection. Poly(1:C)
is commonly administered to elicit an immune response in animal models.

Trophoblast Cells:
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the first cell type that differentiates from the fertilized egg. These cells are the precursor

ce

IIs for the fetal components of the placenta, and mediate implantation of the embryo in the

uterus.
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. The existence of an intrauterine microbiome in a healthy pregnancy is highly

. There is emerging evidence that the microbiota within the intrauterine

. Maternal gestational stress has been associated with inflammation in utero.

. Intrauterine inflammation has been linked to detrimental neurodevelopmental

Highlights

controversial. While several recent experiments have identified bacterial
communities within the placenta and uterus, others indicate that such findings
could be due to contamination.

environment may originate from the oral cavity, gut, or vagina.

outcomes, both structurally and functionally.
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Figure 1: Comparative Anatomy of the Human and Rodent Intrauterine Environment
A cross section of the human (left) and the rodent (right) pregnant uterus. The human uterus

is composed of three layers of tissue: the perimetrium, the myometrium, and the
endometrium. The fetus sits within the amniotic sac. Fetal blood flows through the umbilical
cord to interface with the maternal circulation in the placenta. The placenta consists of 1)
decidua, containing uterine cells, spiral arteries and veins, immune cells, and extravillous
trophoblast cells; 2) chorionic villi, the functional unit of the placenta for nutrient, oxygen,
and waste exchange; 3)chorionic plate, made of fetal trophoblast cells, extracellular matrix,
and fetal vessels. The chorionic villi (see top panel) contain a layer of multinucleated
syncytiotrophoblast cells and a layer of cytotrophoblast cells separating the maternal and the
fetal blood. The rodent uterus consists of perimetrium, the myometrium, and the
endometrium. The rodent uterus has two uterine horns (see schematics on the bottom right)
that may contain multiple embryos. Within the uterus, each fetus sits in its own amniotic sac
and is connected to its own placenta via an umbilical cord. The rodent placenta consists of 1)
decidua, containing uterine cells, maternal vasculature, immune cells, and invading
trophoblast cells; 2) junctional zone, which includes spongiogtrophoblast cells, trophoblastic
glycogen cells, and trophoblastic giant cells; 3) labyrinth, analogous to the chorionic villi in
the human placenta; and 4) chorionic plate, made up of fetal trophoblast cells, extracellular
matrix, and fetal vessels. The labyrinth (top panel) is composed of two layers of
syncytiotrophoblast and one mononuclear trophoblast layer that separate the maternal and
fetal circulation. Image by Anthony S. Baker, CMI, Reproduced with the permission of The
Ohio State University.
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Figure 2, Key Figure: The Effect of Maternal Gestational Stress on Translocation of Microbiota,
Inflammation, and Neurodevelopment

Maternal stress during pregnancy has been shown to lead to behavioral and
neurodevelopmental deficits in the offspring. Here, we propose a mechanism that may
mediate these effects. Exposure to prenatal stress can lead to alterations in the bacterial
communities within the gut, oral cavity, or vaginal canal of the mother. Microbiota can
translocate to the intrauterine environment either hematogenously from the gut or oral cavity
or through direct ascension from the vaginal canal. The presence of microbes or microbial
components in the uterus or placenta can elicit a inflammatory response /in utero.
Intrauterine inflammation is associated with adverse obstetrical outcomes such as preterm
birth, which has been linked to neurodevelopmental deficits. However, intrauterine
inflammation has also been shown to result in neurodevelopmental deficits independently
from preterm birth. Thus, we hypothesize that intrauterine microbiota and inflammation
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make up a key link between prenatal stress and adverse neurodevelopmental outcomes.
Image by Anthony S. Baker, CMI, Reproduced with the permission of The Ohio State
University.
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