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Prenatal brain development is a highly orchestrated process, making it a
very vulnerable window to perturbations. Maternal stress and subsequent
inflammation during pregnancy leads to a state referred to as, maternal
immune activation (MIA). If persistent, MIA can pose as a significant
risk factor for the manifestation of neurodevelopmental disorders (NDDs)
such as autism spectrum disorder and schizophrenia. To further elucidate
this association between MIA and NDD risk, rodent models have been
used extensively across laboratories for many years. However, there are
few uniform approaches for rodent MIA models which make not only
comparisons between studies difficult, but some established approaches
come with limitations that can affect experimental outcomes. Here, we
provide researchers with a comprehensive review of common experimental
variables and potential limitations that should be considered when designing
an MIA study based in a rodent model. Experimental variables discussed
include: innate immune stimulation using poly |:C and LPS, environmental
gestational stress paradigms, rodent diet composition and sterilization, rodent
strain, neonatal handling, and the inclusion of sex-specific MIA offspring
analyses. We discuss how some aspects of these variables have potential to
make a profound impact on MIA data interpretation and reproducibility.

maternal immune activation, prenatal stress, neurodevelopmental disease,
inflammation, LPS, poly I:C

1 Introduction

Epidemiological studies have been paramount for revealing the association between
maternal health status during pregnancy and behavioral outcomes in offspring. What
began this series of longitudinal investigations was interest in the long-lasting effects of
maternal undernutrition on individuals born during the devastating Dutch Famine of
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1944—1945 (Ravelli et al., 1986; Lumey, 1992; Lumey et al., 1993;
Stein and Lumey, 2000; Painter et al., 2005). While this historical
event remains tragic for many, it inadvertently developed a new
approach to studying the etiology of disease. At present, it is
well understood that a multitude of stressful events taking place
during pregnancy can result in adverse health outcomes for the
offspring later in life. The sources of maternal stress that lead to
an increased risk of disease, however, are largely multifactorial.
Well-studied human examples include instances of maternal
inflammation due to infection or environmental factors such
as, obesity, pollution, psychosocial stress or physical inactivity
that can negatively impact normal fetal brain development
and are associated with increased risk for neurodevelopmental
diseases (NDD) — such as autism spectrum disorder (ASD),
attention deficit hyperactivity disorder, Tourette’s syndrome
and schizophrenia (SZ) (Meyer et al, 2008; Han et al,
2021a). The sequence of events that take place during neural
development is highly regulated and involves extensive neuro-
immune crosstalk. Cytokines for instance, are proteins of
many trades. They play an important role in mediating
immunity and inflammation in response to infection (Hofer
and Campbell, 2016). During neural development, they
assist with neurogenesis, neuronal migration, axon guidance,
synapse formation and plasticity (Garay and McAllister, 2010).
Therefore, an untimely dysregulation of their functional roles in
response to maternal stress or infection can significantly alter
the developmental trajectory of the fetal brain and influence
the prospective mental health of the individual (Boulanger-
Bertolus et al., 2018; Han et al., 2021b). This phenomenon is
referred to as maternal immune activation (MIA) and reflects
circulating levels of inflammatory markers such as cytokines that
exceed the normal range during pregnancy (Boulanger-Bertolus
et al., 2018). To provide context; under normal conditions,
most cytokines are observed within the circulation at very low
concentrations. However, levels can increase up to 1,000-fold
in instances of infection (Garay and McAllister, 2010). Details
regarding neuronal function, neurotransmitter systems, and
immune alterations following MIA exposure, can be found here:
(Bergdolt and Dunaevsky, 2019).

In the epidemiological realm, in-depth study of the
maternal-fetal interface during pregnancy is limited, which
is why the use of animal models to study such a complex
phenomenon has served as such a powerful tool. A great
deal of what we have come to understand has been due to
exhaustive studies on rat and mouse models of MIA. The
prevailing experimental approach relies on the simulation or
induction of bacterial or viral infection during pregnancy using
three main immunogenic agents, namely, the administration of
lipopolysaccharide (LPS), polyinosinic:polycytidylic acid (Poly
L:C) or influenza virus to the pregnant dam (Boksa, 2010).
The most widely used immunogens are the Toll-like receptor
mimetics LPS and Poly L:C, which as opposed to influenza
induce a limited, well-defined innate immune response that
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allows for both the timing and intensity of MIA to be
precisely controlled in an experimental setting (Bergdolt and
Dunaevsky, 2019). Both agents have contributed toward a
further understanding on how the timing and severity of
infection during different windows of prenatal development can
result in different pathological profiles in the offspring (Meyer
et al,, 2006; Garay et al., 2013; Giovanoli et al., 2015). However,
significant heterogeneity has arisen from the use of LPS and
Poly I:C models due to variation between batches and additional
aspects relating to the type of mimetic used. The limitations of
which has been addressed by many in recent years (Meyer and
Feldon, 2012; Mian et al., 2013; Arsenault et al., 2014; Parusel
et al., 2017; Kentner et al., 2019; Bauman and Van de Water,
2020).

Apart from the development of immunogen or pathogen-
induced MIA models, other developmental models of prenatal
stress have been established in the context of environmental
gestational stress exposure. Although these paradigms have
been explored primarily within the broader research area of
early developmental programming and behavior; the leading
experimental premise bears a striking semblance to the use
of the MIA model worth discussing. Certainly, the classic
infection-induced etiology of MIA is undoubtedly a critical
player for increased NDD risk, but it is important to consider
the role environmental exposures play during pregnancy as
well; collectively termed the “exposome” (Han et al., 2021b).
Environmental perturbations during pregnancy that result in
either acute or chronic instances of inflammation in the human
condition have been shown to include, dietary composition,
frequency of exercise, adequate sleep, socioeconomic status,
stress, exposure to pollutants, and the gut microbiome (Han
et al, 2021a). The all-inclusive contribution of these factors
has yet to be explored in an MIA rodent model but at
present, there are reports from those who have explored the
role of the maternal microbiome (Kim et al., 2017; Lammert
et al., 2018), social stress or social isolation rearing (Vallée
et al,, 1997; Scarborough et al, 2021) and a maternal high-
fat diet (Bordeleau et al, 2020) on the resulting molecular
and/or behavioral alterations in developing offspring (the use
of environmental gestational stress paradigms in rodents are
extensively reviewed here: Brunton, 2013; Weinstock, 2017; Van
den Bergh et al., 2020).

The sources of variation that stem from the laboratory
MIA animal model is in fact, strikingly representative of the
complexity taking place within the human condition. Those in
the field are well-aware that several experimental parameters
such as gestational window, the genetic background of mice,
age of offspring for analysis, brain regions studied, and type
of mimetic used, play a critical role in framing the evolving
MIA narrative. These points have been addressed by several
excellent reviews (Harvey and Boksa, 2012b; Bergdolt and
Dunaevsky, 2019; Kentner et al., 2019; Bauman and Van de
Water, 2020). However, to gain a more profound understanding
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of the sequence of events beginning in utero that ultimately
lead to the manifestation of disease, it is critical to be aware
of the many internal and external experimental variables that
can confound MIA data interpretation. Here, we aim to provide
research groups with a comprehensive experimental framework
regarding variables that should be taken into consideration
when designing an MIA animal study. These variables include
confounding aspects of immunogen used, laboratory diet
composition and sterilization processes, the implementation of
environmental gestational stressors- such as, maternal obesity
and psychological paradigms, the effects of rodent strain and
sex-specificity in response to immune stimuli, the effects of
neonatal handling and the importance of the inclusion of sex-
specificity in offspring analyses. In addition, we, along with
others, encourage the implementation of reporting guidelines
to ultimately improve the models’ validity and reproducibility
(Kentner et al., 2019).

2 Maternal manipulations

The most widely used and arguably, well-characterized
manner of inducing MIA in rodent models is the administration
of bacterial or viral mimetics, or various strains of live
pathogens during different stages of pregnancy (Meyer, 2014;
Weber-Stadlbauer and Meyer, 2019). There are plenty of
advantages to examining prenatal exposure to live agents
during pregnancy in a preclinical setting, but they do add
a significant layer of complexity to the model system being
studied. For one, they evoke the full spectrum of maternal
immune responses — comprising of both innate and adaptive
which can be challenging to monitor and measure appropriately.
While most live pathogens remain restricted to the maternal
circulation, placental transmission can take place in certain
cases, such as rubella (Silasi et al., 2015). Their use in animal
models of maternal infection and/or inflammation certainly
helps establish and further solidify biological causality for
epidemiological work that is tasked with determining the role
of specific infectious agents (i.e., influenza) on disease-specific
outcomes; such as schizophrenia for instance (Brown and
Derkits, 2010). However, their use does come with significant
biosafety precautions as well, that not all institutions have
the capacity for. And, both the window and severity of
live pathogens cannot be easily controlled in vivo as well.
Importantly, a large part of why animal MIA investigations have
gradually transitioned toward the use of mimetics is due to the
commonality that lies between the induction of infectious and
non-infectious agents and subsequent NDD risk - the maternal
immune response (Figure 1). See other reviews here: (Meyer
and Feldon, 2012; Estes and McAllister, 2016; Brown and Meyer,
2018). Mimetics in this context, refer to immunogenic agents
that trigger the cytokine-associated inflammatory response in an
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acute manner. In addition, these agents lack the infectivity that
most live pathogens possess.

2.1 Poly I:C model

An appealing alternative to inducing an exhaustive live
infection while still inducing an acute maternal immune
response is opting for the use of mimetics. The implementation
of both bacterial (LPS) and viral mimetics (poly I:C) in MIA
models have gained significant momentum for their ease of
use, access, and well-defined nature of the resulting innate
immune response. The viral mimetic responsible for eliciting the
maternal anti-viral inflammatory response is a double stranded
RNA (dsRNA) compound, poly L:C (Patterson, 2009). Poly
L:C activates toll-like receptor (TLR)-3 in the same manner as
dsRNA from live viruses, resulting in a signaling cascade that
leads to the activation of transcription factor nuclear factor
kappa B (NFkB) and subsequent transcription of genes that
code for pro- and anti-inflammatory cytokines such as IL-
1, IL-6, TNE, and type I interferons (e.g., IFN-a and IFN-B)
(Boksa, 2010; Harvey and Boksa, 2012b; Meyer, 2014). The poly
I:C model has successfully recapitulated key behavioral aspects
of NDDs such as, schizophrenia (Meyer, 2014) and autism
spectrum disorder (Carlezon et al., 2019); many of which have
been reproduced (Patterson, 2009). Some reported examples
include deficits in pre-pulse inhibition, social interaction,
and novel object exploration; such observations have been
extensively reviewed elsewhere (Patterson, 2009; Meyer and
Feldon, 2012; Bergdolt and Dunaevsky, 2019). However, while
behavioral outcomes have been well-characterized, other aspects
of the model have come under some scrutiny. Initial reports of
batch-to-batch poly I:C variation from the same vendor (Harvey
and Boksa, 2012a) and later evidence demonstrating different
molecular weights elicited contrasting cytokine responses in
non-pregnant rats (Careaga et al,, 2018), encouraged groups to
seriously consider these sources of variation when using poly
I:C to study MIA. These observations lead to an extension
of these preliminary findings by Mueller et al. (2019), where
they assessed different batches from the same vendor, low
vs. high molecular weight, and contamination with LPS, a
bacterial compound (described in section “2.2 LPS model”
below) as an additional aspect of source variability in pregnant
mice. Synthetic dsRNA analogs like poly I:C are hygroscopic
substances and can be easily contaminated during product
manufacturing or when reconstituted. Some vendors specify
contaminating LPS content in their poly I:C products while
others do not, which can lead to potential immunogenic
inconsistencies (Mian et al, 2013) and emphasizes the
importance of quality assessments.

However, the variability stemming from poly I:C molecular
length is perhaps one of the most critical and compelling
features of the dsRNA analog in terms of its downstream
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FIGURE 1

Prevailing mouse model of maternal immune activation. Maternal inflammation can be induced during various periods of gestation via
immunogenic or environmental stimuli. Characteristic immunogens used that elicit an acute, innate immune response include influenza strain A
or B, poly I:C (high- or low-molecular weight) and LPS. Environmental stimuli typically used include high-fat diet regimens, social stress
paradigms or restraint stress. Despite the nature of the stimulus itself, both converge on the same molecular mechanism that evokes maternal
immune activation. Pathogen associated molecular patterns (PAMPs) and/or damage associated molecular patterns (DAMPs) are generated
which activate various toll-like receptors (TLRs) that promote the transcription of several inflammatory genes; ultimately leading to perpetual
cytokine and chemokine secretion within the maternal milieu. Created with BioRender.com.

effects on maternal immune responses. The findings reported
by Mueller et al. (2019) are strikingly consistent with Careaga
et al. (2018) work done in nulliparous rats; demonstrating that
administration of the high molecular weight (HMW) analog
(1000—6000 nucleotides) to pregnant mice elicits a more robust
host of maternal cytokine and chemokine responses in both
plasma and placenta as opposed to the low molecular weight
(LMW) analog (100—200 nucleotides). A plausible explanation
for such a difference in immunogenicity lies in the efficiency
of each analogs’ ability to activate TLR3. In vitro studies have
identified LMW poly I:C to possess a high affinity for TLR3,
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while the HMW analog appears to selectively bind to retinoic
acid inducible gene I (RIG-I) and melanoma differentiation-
associated gene 5 (MDAS) receptors (Kato et al., 2008; Zhou
etal., 2013).

Lastly, another important aspect of poly I:C to consider is
its influence on pregnancy viability. Mueller et al. (2019) tested
whether different batches of poly I:C could influence pregnancy
outcomes in mice by assessing the rate of spontaneous abortions.
They found batches released just a year apart from the same
vendor (July 2016—2017) impacted abortion incidence. The
more recent batch (July 2017) led to a higher incidence of
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spontaneous abortion as opposed to the older batch (July
2016). The authors’ note these observations could be partially
due to more pronounced potency of the former compared to
the latter. In addition to batch potency, gestational timing of
administration was shown to play an important role. Of the
two gestational windows tested (GD 9.5 and 12), the earlier
window appeared to be more susceptible to abortion than the
later window.

With these considerations in mind, it’s strongly encouraged
that research groups attempt to address the following: (1) Is it
possible to conduct all poly I.C-based experiments using the same
batch? (2) Is it most appropriate to opt for LMW or HMW poly
I:C to administer during pregnancy? (3) Are details regarding LPS
contamination disclosed from the vendor? If not, can this be easily
tested in-house? The route of administration (i.e., intravenously
or intraperitoneally) on the other hand, is another point of
contention surrounding the use of poly I:C; and been shown
to result in noticeably different maternal cytokine profiles. The
effects of which have been discussed elsewhere: (Meyer et al,,
2006; Careaga et al., 2017; Mueller et al., 2019). Nonetheless,
conducting a smaller, dose-response pilot study prior to much
larger poly I:C experiments would be advised for determining
optimal parameters specific to the MIA study.

2.2 LPS model

Another established immunogenic agent for modeling MIA
in animal models at present, is the use of lipopolysaccharides
(LPS) that mimics bacterial infection. LPS acts as an incredibly
potent stimulator of the host innate immune system and
its recognition is crucial for clearing infections by bacterial
pathogens (Steimle et al, 2016). LPS is a component of
the outer membrane of Gram-negative bacteria and a ligand
for toll-like receptor (TLR)-4, resulting in the initiation of
the innate immune response and subsequent inflammation
(Depino, 2015). This well-characterized response consists of
a robust increase in the expression of various cytokines and
chemokines, such as IL-1p, IL-6, TNE CXCL1, 2, 10 amongst
others, along with increased corticosterone levels (Kentner et al.,
2019). To our knowledge, it appears the narrative surrounding
the utility of LPS for MIA animal models, has not received as
much emphasis compared to the variable effects of poly I:C.

The structure of LPS consists of three core components:
lipid A, core oligosaccharide and O-antigen repeats. Based on
both size and structure, LPS is typically classified into three
groups: smooth type LPS, which contains differing sizes of
O-antigen repeats; rough type LPS, containing differing sizes
of core oligosaccharides and no O-antigens; and free lipid A
(Wang et al, 2010). Its structure ultimately varies amongst
bacterial species, resulting in different bioactivity and degrees
of immunogenicity within the host (Steimle et al., 2016; Parusel
et al,, 2017). When considering gestational LPS administration,
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it is important to take note of the potential consequences of
commercial preparations on purity. Due to such structural
variation, different methods have been developed to extract
and purify LPS, such as extraction with phenol, water or
ether (Wang et al, 2010). Each method leaves differing
concentrations of contaminants (i.e., nucleic acids, lipoproteins,
phospholipids, and proteins), which can amount to a mixed
and non-specific innate immune response (Parusel et al., 2017).
Standard LPS preparations are typically purified via phenol-
extraction and contain both TLR-2 and TLR-4 activating agents
(Parusel et al, 2017), which may be suitable if the aim is
to mimic a more complete bacterial infection. A study done
by Parusel et al. (2017) verified the signaling differences
between LPS preparations by demonstrating an ultrapure
preparation only activated TLR-4-dependent signaling, while
the standard preparation activated both TLR-2 and TLR-4 in
human embryonic kidney cells overexpressing murine TLR2.
Primary TLR-2 ligands have been characterized as lipoproteins
that are ubiquitously expressed amongst all species of bacteria
and possess significant bioactivity (Hirschfeld et al, 2000;
Oliveira-Nascimento et al., 2012). Depending on the nature
of the proposed MIA experiment, one might opt for a more
specific TLR-4 maternal immune response. In this case, the use

«

of an “ultrapure” form of LPS that is almost entirely free of
contaminants would be an appropriate alternative. Ultrapure
preparations of LPS involve an additional phenol re-extraction
protocol that effectively rids of contaminants (Hirschfeld et al.,
2000; Tirsoaga et al., 2007), Accordingly, when interpreting
maternal immune responses following LPS stimulation, it is
wise to examine immune alterations carefully to ensure there
is no over-interpretations. Unfortunately, details regarding the
bacterial species of LPS used and its grade of purity are often
not published, putting the reliability of experimental results into
question and another important aspect that warrants further
reporting. In the context of maternal LPS administration,
we recommend considering the following queries: (1) Do the
scientific endpoints of the study support a non-specific or TLR-
4-specific maternal immune response? (2) Which stereotype or
species of LPS is most appropriate for the study? (3) How much
is known regarding commonly used stereotypes of LPS on the
robustness of the maternal immune response?

In sum, many research laboratories have become
increasingly aware of the various limitations surrounding
the use of mimetics when designing an infection-based MIA
model. Be that as it may, it can be argued that their limitations
do not outweigh their many benefits. Besides, they have led to
significant advancements in not only our knowledge concerning
MIA and concomitant brain pathology and behavior in
offspring; but the way in which laboratories are choosing to
approach prospective MIA investigations. Investigators are
more informed, and the practice of more rigorous reporting is
slowly becoming more widespread. The abundance of literature

pertaining to poly I:C and LPS-based models over the years
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have also opened the door for more exploration of the effects
of other TLR-stimulating agents - Imiquimod and Resiquimod
(Missig et al,, 2020; Kwon et al.,, 2021); both single-stranded
viral mimetics that selectively bind to either TLR7 or TLRS.
In addition to these, some laboratories are shifting focus back
to the effects of live pathogens during pregnancy as well, via
administration of influenza strains and the parasite, Toxoplasma
gondii (Jacobsen et al,, 2021; Xu et al,, 2021). Table 1 outlines
various infectious and non-infectious agents used in recent
investigations and resultant observations in MIA offspring.

2.3 Psychological induction of MIA

Thus far, the discussion has centered on the infection-
induced etiology of MIA in animal models and the many
confounding variables to take into consideration when
designing a maternal infection-based MIA study. Here, we
will switch the focus of discussion to what comprises a non-
infection-based model of MIA; which includes modeling various
sources of maternal stress originating from the environment
or the “exposome” (Table 2). We will discuss established
psychological stress paradigms, as well as maternal obesity
in Section “2.4 Maternal obesity induction and MIA.” Both
stress and obesity readily activate the maternal immune system
and represent maternal factors that are becoming increasingly
relevant in the human condition and predisposition of NDDs.

There are multiple social stress paradigms that have
been designed to effectively mimic maternal social stress in
rodent models. However, these paradigms have largely been
implemented in isolation of additional gestational stressors (i.e.,
infection) and warrants further study with the aim to model
an extremely multifactorial phenomenon, which would reflect
the situation in humans more accurately. Evidence is emerging
that maternal stress during pregnancy manifests as systemic,
chronic inflammation (SCI) which has become a significant risk
factor for the development of NDDs (Kim et al., 2019; Han
et al,, 2021a,b). The various triggers of maternal stress and
subsequent SCI, include maternal lifestyle and environmental
exposures, collectively termed the “exposome.” The exposome
refers to — chronic infections, physical inactivity, visceral
obesity, microbiome dysbiosis, social isolation, psychological
stress and exposure to environmental hazards such as, air
pollutants or tobacco smoking (Furman et al,, 2019). Many
instances of acute infections can in fact be accompanied by
additional psychosocial or environmental factors that may
prevent the speedy resolution of the initial acute inflammatory
response and instead, perpetuate a state of low-grade SCI that
ultimately causes significant collateral damage to peripheral
organs and tissue over time (Furman et al.,, 2019; Han et al,
2021a). This reiterates the notion that MIA is very much a
consequence of complex interactions between heterogeneous
maternal inflammatory states over the course of pregnancy and
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it is therefore critical to incorporate such heterogeneity into
preclinical animal models moving forward.

To date, modeling social and/or any other form of maternal
environmental stress during gestation has been done almost
exclusively in rats (Zuena et al., 2008; Brunton and Russell,
2010; Schroeder et al., 2013; Zhao et al., 2013; Hove et al.,
2014; Palacios-Garcia et al., 2015; Zohar et al., 2016). Needless
to say, modeling an alternative form of maternal stress that
is relevant to the human experience in rodents does present
somewhat of a challenge. Nonetheless, successful attempts have
been made in this area over the years and various paradigms
have emerged, including — repeated restraint exposure (Henry
et al, 1994; Zuena et al., 2008; Brunton and Russell, 2010;
Schroeder et al., 2013; Zhao et al., 2013; Palacios-Garcia et al.,
2015; Zohar et al.,, 2016), noise at 95 dB (Barzegar et al., 2015),
housing and/or social defeat with a lactating rat (Henry et al,,
1994; Bosch et al.,, 2007; Brunton and Russell, 2010; Barzegar
et al., 2015), electric shock (Takahashi and Kalin, 1991), food or
water deprivation, reversal of light-dark cycle, cage tilting (Pryce
and Fuchs, 2017) and a repeated variable prenatal stress regime
(this entails the introduction of a number of random stressors
on an unpredictable schedule) (Markham et al., 2010; Schulz
et al, 2011; Wilson and Terry, 2013; Sickmann et al., 2015).
At the cellular level, these environmental stress paradigms
trigger elevations in various pro-inflammatory cytokines (i.e.,
IL-1B, TNE and IL-6), activation of the transcription factor
nuclear factor-kB and other proteins in the CNS (Garcia-Bueno
et al., 2008). Psychosocial paradigms such as chronic restraint,
social isolation and repeated social defeat appear to result
in increased microglial activity primarily in the hippocampus
(Calcia et al., 2016). Further discussion concerning proposed
neuroinflammatory and neuroendocrinological mechanisms
following physical-psychological paradigms in rodents can be
found here: (Garcia-Bueno et al., 2008; Calcia et al., 2016; Liu
et al,, 2017; Picard et al., 2021). Restraint stress is particularly
popular and a relatively easy intervention to use in rodents. It
serves as a prenatal stressor in a physical sense primarily for
the pregnant dam and secondarily, exerts detrimental effects to
the developing offspring. This intervention typically involves the
placement of the dam into an apparatus that restricts the degree
of movement and consists of an opening at the top allowing
for adequate air exchange. This can be applied up to thrice
daily for 45 min each time (Hove et al.,, 2014) or once daily
for 60 min (Fujita et al,, 2010), and can be applied in addition
to another gestational stressor. Another well-established stress
regime includes the resident-intruder paradigm. This paradigm
involves social stress in a primal sense and is measured as
“social defeat” exposure. This entails the use of social conflict
between an “intruder” animal that is transferred into the home
cage of the “resident” for a specified period. This paradigm is
typically carried out in male rodents, as males possess more of
a tendency to exhibit aggressive behavior opposed to females
(Brunton, 2013), but this paradigm has been adapted for use in
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TABLE1 Immunogen-induced maternal immune activation (MIA) offspring alterations.

Mechanism of
action

Compound

Species/strain

Gestational
exposure

Key offspring observations References

Poly IC (ds-RNA Mouse/C57BL/6

mimetic)

TLR3 agonist

GD 12.5

Kalish et al.,
2021

ISR pathway activation in M but not F offspring
dependent on maternal IL-17a secretion

| global mRNA translation and protein synthesis
in cortex of M offspring

M fare worse than F offspring

LPS (bacterial
mimetic)

Rat/Wistar TLR4 agonist

GD 9.5

Cieslik et al.,
2020

M offspring analysis only:

No change in anxiety-related behavior

4 TNE IL-6 mRNA levels in cortex in M offspring
4 Plasma IFN-y, TNE IL-1

4 microglial activation

4 ROS levels

Influenza virus Mouse/C57BL/6 Wide-range innate
immune response
activating
TLR3/TLR7/TLR8 and
adaptive immune

responses

GD 5.5

Jacobsen et al.,
2021

4 vulnerability toward respiratory pathogens in
early life (both sexes)

4 vulnerability toward second-hit infections
correlate with low birth weight (both sexes)

| alveolar macrophage capacity to clear respiratory
pathogens (sexes pooled together)

Imiquimod (ss-RNA
mimetic)

Mouse/C57BL/6 Selective TLR7 agonist

GD 12.5, 14.5, 16.5

Missig et al.,
2020

J F offspring born

Conditional hyper-responsiveness (both sexes)

| anxiety-like behavior (primarily M offspring)
Fragmented social behavior (primarily M
offspring)

| Ibal + microglia and 4 ramified morphology
(both sexes)

Significant sex-specific transcriptional profiles in
dorsal striatum

Resiquimod (ss-RNA
mimetic)

Mouse/C57BL/6 TLR7/TLR8 agonist

GD 12.5

Kwon et al.,
2021

4 IL-6, TNF, Ccl2, Ccl5 fetal brain mRNA levels
4 fetal brain microglial marker expression via Aif1

(Ibal) expression

Toxoplasma gondii | Mouse/C57BL/6 TLR11/TLR12 agonist

(parasite)

GD 14.5

M offspring analysis only: Xu et al.,, 2021
Autism-relevant behaviors

Aberrant brain microstructure

Peripheral pro-inflammatory T-cell profile
1 IL-6 in astrocytes

Adoptive transfer of Tyeg cells significantly
reversed MIA-phenotype

TLR, toll like receptor; GD, gestational day; ISR, integrated stress response; IL-6, interleukin-6; IL-17a, interleukin 17a; IL-1, interleukin 1; IFN-y, interferon gamma; TNE, tumor necrosis

factor; Ccl2/5, chemokine (C-C motif) ligand 2 and 5; Treg, regulatory T cell; M, male; E female; ROS, reactive oxygen species.

pregnant female rats. Females can exhibit aggressive behavior
during the first half of the lactation period in response to an
intruder approaching their nest to protect their pups (Brunton,
2013). This maternal response was adapted by Brunton and
Russell (2010), where pregnant “intruder” rats were placed in
a cage with an unfamiliar lactating “resident” for 10 min/day on
gestation days 16—20 of pregnancy. They observed heightened
hypothalamic-pituitary-adrenal (HPA) axis responses in both
male and female offspring of socially stressed mothers, with
male offspring displaying significantly increased anxiety-like
behavior. Further, mineralocorticoid receptor mRNA levels
were reduced in the hippocampi of prenatally stressed male
and female offspring, and both corticotropin-releasing hormone
mRNA and glucocorticoid receptor mRNA expression in the
central amygdala was found to be increased compared to control
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offspring. These data highlight the effects of a primal, maternal
social stressor on the developing neuroendocrine system in
both male and female offspring, and importantly, how this
prenatal stress manifests in a sex-dependent manner. However,
while these maternal stress regimens described appear to
impose lasting alterations on fetal neurodevelopment and other
associated-behavioral consequences in offspring, the limitation
to these paradigms is their largely physical nature and failure to
capture a more clinically relevant social component.

Two prevailing methods of imposing social stress on
laboratory housed rodents that are arguably most related to
aspects of human social behavior, are the social isolation
and social instability stress paradigm (Table 3). One study
modeled maternal depression in mice by incorporating social
isolation both before and during gestation; concomitantly with
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TABLE 2 Environmental-induced MIA offspring alterations.

Species/strain

Gestational

10.3389/fnins.2022.1071976

Key offspring observations

References

exposure

regime

High-fat diet Mouse/C57BL/6 4 weeks prior to Exaggerated inflammatory response to peripheral LPS in HFD-exposed M | Bordeleau et al.,
gestation, throughout and F offspring 2020
gestation and nurturing | Microglia morphology alterations
till weaning 4 microglia interactions with astrocytes in hippocampus in M offspring
J microglia-associated extracellular space pockets in hippocampus in both
Mand F
J TGFbl, Tmem119, Trem2, Cx3crl mRNA levels in hippocampus
significantly in M offspring
Chronic social Mouse/CD1 2x/week for 7 weeks 4+ anxiety and social deficits predominantly inherited by F offspring across 3 |Saavedra-
instability (CSI) prior to gestation generations Rodriguez and
Complete maternal and paternal transmission of CSI-related deficits can be | Feig, 2013
transmitted to F1 offspring
Differential transmission between maternal and paternal line in F2 and F3
generations
Social isolation Mouse/C57BL6/N 10-weeks prior and M and F offspring 1 anxiety-like behavior, cognitive impairments, and Scarborough
rearing throughout gestation alterations to amygdalar transcriptome etal, 2021
(GD0-20 £ 1) M offspring 1 robust cognitive impairments in spatial recognition and
temporal order memory
M offspring 1 vulnerable to deficits
Electric shock Rat/Sprague-Dawley Every other day for 10, | secretion of HPA hormones (plasma CORT and ACTH) Takahashi and
90-min sessions during Kalin, 1991
gestation
Restraint stress Mouse/C57BL/6 WT GD10-16 WT: 4 brain IL-6 gene expression, 1 Ccl2 protein levels, Chen et al., 2020
C57BL/6 GF | brain TLR4 gene expression
CCL2~/~ KO GF: no fetal brain inflammation
KO: no change in brain IL-6 gene expression levels, | TLR4 brain gene
expression, no sociability, or anxiety-related deficits
Noise at 95dB Rat/Wistar Third trimester of Impaired hippocampal-dependent learning and memory, lower LTP, 1 Barzegar et al.,
gestation corticosterone 2015
1,2, and 4 h/day for
7 days
Food or water Mouse/Rockland-Swiss  |GD13-18 No differences observed in litter size or pup mortality. Kinsley and
deprivation albino 3 x 30 min sessions/day |Pup weight did not significantly differ between additional groups. Svare, 1986
Social defeat by Rat/Sprague-Dawley GD16-20; 10 min J female birth weight Brunton and
resident lactating sessions Exaggerated ACTH and CORT responses to IL-1f immune challenge and Russell, 2010
female restraint stress in both M and F
Repeated variable  |Rat/Sprague-Dawley GD14-22/23 4 locomotor activity, stereotypic behaviors Wilson and
prenatal stress 13 sessions/day 7 sensitivity to amphetamine Terry, 2013

* aggressive behavior toward adult and juvenile rats of the same gender
1 delay-dependent deficits in recognition memory

LPS, lipopolysaccharide; HFD, high fat diet; GD, gestational day; TLR, toll like receptor; TGFbl, transforming growth factor beta 1; Tmem119, transmembrane protein 119;
Trem2, triggering receptor expressed on myeloid cells 2; Cx3crl, CX3C chemokine receptor 1; IL-6, interleukin-6; Ccl2, chemokine (C-C motif) ligand 2; IL-1B, interleukin 1 beta;
HPA, hypothalamic-pituitary—adrenal; CORT, corticosterone; ACTH, adrenocorticotrophic hormone; WT, wild type; GE, germ free; KO, knockout; LTP, long-term potentiation; M,

male; E, female.

antidepressant use (fluoxetine) (Scarborough et al., 2021). The
social isolation paradigm per se, is not what makes this study
unique. In fact, the use of a social isolation or separation-based
depression model has been used frequently in rodents (Martin
and Brown, 2010; Kumari et al, 2016; Huang et al, 2017;
Mumtaz et al., 2018), albeit not during gestation. In brief, they
identified sex-specific alterations in the offspring born to socially
isolated mothers, which were rescued by maternal fluoxetine
treatment in male, but not female offspring. Specifically,
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increased anxiety-like behavior was observed in both male
and female offspring, whereas cognitive deficits were observed
only in male offspring. Alterations to the transcriptome of the
amygdala in both male and female offspring were analyzed,
revealing profound male-specific effects. Most genes associated
with memory were downregulated in male pups born to
socially isolated mothers without antidepressant treatment. The
administration of fluoxetine during pregnancy appeared to
largely reverse this transcriptional signature — showing most
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TABLE 3 Rodent social stress paradigms.

10.3389/fnins.2022.1071976

Paradigm Species/strain Stress regimen References
‘ Starting age Length of exposure
Social isolation rearing (SIR) Mouse/C57BL6/N PnD 21 7 weeks Scarborough
etal.,, 2021
Separation-based model of Mouse/C57BL/6] Group 1: PnD 56 Group 1: 16 weeks Martin and
depression Group 2: PnD 161 Group 2: 1 week Brown, 2010
Social isolation housing Mouse/ Exp. 1 Exp. 1 Orikasa et al.,
ddN Group 1: PnD 35 Group 1: 3 weeks 2015

Group 2: PnD 49
Exp. 2
Group 1: PnD56

Group 2: 1 week
Exp.2
Group 1: 3 weeks

Social isolation housing

Rat/Sprague-Dawley

Juvenile social isolation

Pisu et al,, 2017

PnD 21 30 days
Gestational social isolation 20 days
PnD 51
Social isolation housing Rat/Sprague-Dawley PnD 30 30 days Pisu et al,, 2016
Social isolation housing Rat/Sprague-Dawley PnD 25-30 30 days Pisu et al., 2013
Social isolation housing Mouse/swiss albino strain PnD 56 8 weeks Kumari et al,,
2016
Social separation Rat/Wistar Group 1: PnD 75 1 week (GD 1-7) Soliani et al.,
Group 2: PnD 75 1 week (GD 8—14) 2017
Group 3: PnD 75 1 week (GD 15—21)
Social instability stress (SIS) Mouse/C57BL/6] PnD 56 Every 3 days for 7 weeks Yohn et al., 2019
Chronic social instability Mouse/CD1 PnD 27 2x/week for 7 weeks Saavedra-
Rodriguez and
Feig, 2013
Chronic social instability Rat/Sprague Dawley PnD 60—70 Every 2—3 days for 4 weeks Pittet et al., 2017

PnD, postnatal day; GD, gestational day.

of those genes to be upregulated as a consequence of maternal
antidepressant use.

The social instability stress (SIS) paradigm on the other
hand, takes advantage of the hierarchical nature of a rodent,
unisexual group-housing environment. While the specifics of
the protocol can vary across laboratories (i.e., cage density,
duration of protocol, frequency, and timing of cage changes),
the fundamental component entails frequent re-shuffling
of cage group composition several times per week. This
paradigm introduces unpredictable social stress by consistently
introducing animals to unfamiliar same-sex subjects into a new
social environment and thereby limiting the ability to form
stable social dynamics and/or hierarchies within the cage (more
detailed discussion can be found here: McCormick and Green,
2013; Scharf et al., 2013; Koert et al., 2021). Many SIS paradigms
have not been previously implemented during gestation apart
from one study that analyzed the transgenerational effects on
offspring (Saavedra-Rodriguez and Feig, 2013). Following cross-
fostering experiments on SIS offspring, Saavedra-Rodriguez
and Feig (2013) demonstrated transgenerational transmission
of SIS deficits was in fact genetic and not due to significant
changes in maternal care. In addition, the SIS phenotype in

Frontiers in Neuroscience

09

offspring was found to be exaggerated when both parents had
been exposed to SIS stress. These investigations present novel
approaches to modeling social stress in rodents and would be
worthwhile additions to the “classic” MIA model. In particular,
how social isolation housing or SIS works in synergy with other
commonly used MIA stimuli (i.e., Poly I:C, LPS, and influenza)
would be more representative of the multifactorial nature
of MIA in humans and crucial for improving these models’
translational value. Moving forward, we urge investigators to
keep the following considerations in mind (1) Does the preferred
social stress paradigm need to be optimized for use in females?
(2) How important is timing — will the protocol be most
appropriate to implement prior to or during gestation? (3) Are
the scientific endpoints of the study sensitive to whether or not
the psychological stress is more physical or social in nature? (4)
Are there biochemical assays or behavioral tests that can reliably
measure psychosocial stress in the experimental animals?

2.4 Maternal obesity induction and MIA

The prevalence of maternal obesity [classically defined as a
body mass index (BMI) of >30.0 in humans] is progressively
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increasing and the ramifications to the developing offspring
is an incredibly important aspect of studying MIA. In the
United States, the CDC reported an increase in pre-pregnancy
obesity from 26.1% in 2016 to 29.0% in 2019 - an increase
of 11% (Driscoll and Gregory, 2020). This trend was also
observed amongst women across all maternal ages, race, and
educational levels (Driscoll and Gregory, 2020). Obesity in
and of itself, presents a host of adverse metabolic defects
and frequently coexists with inflammation (Lee et al.,, 2013;
Murabayashi et al., 2013; Ellsworth et al., 2018). Adipose tissue
was long believed to be biological inert, however it is now
recognized as an active endocrine tissue that mediates immunity
and inflammation (Galic et al,, 2010). Obese adipose tissue is
resident to many activated macrophages which eventually leads
to the overproduction of several pro-inflammatory cytokines
termed adipokines, such as, IL-6 and TNE of which are
implicated in the development of metabolic dysfunction (Galic
etal, 2010; Lee et al,, 2013). Maternal obesity during pregnancy
is especially problematic and represents one of the many lifestyle
factors presented earlier in the discussion known to contribute
toward SCI and subsequently, MIA. Moreover, epidemiological
studies have revealed significant associations between maternal
obesity and the onset of ASD and ADHD in offspring (Han
et al.,, 2021b). Several diet-induced obesity studies have been
conducted in rodent models to better dissect the many short-
and long-term developmental programming effects of maternal
obesity on various metabolic and cognitive parameters in the
offspring (Samuelsson et al., 2008; Hartil et al.,, 2009; Kirk
et al., 2009; White et al., 2009; Sasson et al., 2015; Bordeleau
et al., 2020; Lippert et al., 2020). Yet, the induction of maternal
obesity in the context of an MIA investigation is seldomly done
(in rodents) and warrants further study. To date, only one
recent mouse study sought to directly illustrate the induction
of MIA via a maternal high-fat diet and alterations to the
offspring’s microglial gene expression profile and subsequent
behavior (Bordeleau et al., 2020). However, pregnant dams were
not characterized as “obese” or exhibited metabolic changes
that would be consistent with obesity (i.e., hyperglycemia,
hyperinsulinemia, and/or dyslipidemia). Therefore, the authors
note that the changes observed in the offspring were due to
the maternal immune system’s response to a diet enriched
in fat as opposed to obesity-induced metabolic dysregulation.
Questions have also been raised in recent years concerning
the standardization of rodent diets used to induce obesity and
whether or not these models are accurate representations of
human obesity (Wankhade et al., 2016; Speakman, 2019). Thus,
concerns remain about the best way to both model and measure
obesity in rodents (as they are the most widely used model
organism); and ultimately reproduce metabolic data between
research groups. One reasonable explanation for why there
tends to be such large variation in metabolic data using rodent
models is partially due to the fact that mice from different
institutions utilize food for energy at different rates, making it
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difficult to determine what metabolic state can be considered
“normal” (Corrigan et al.,, 2020). Obesity being essentially a
chronic state of positive energy balance, shifts the metabolism
from efficient energy utilization to predominantly storage.
Therefore, energy expenditure can be a very useful measure
when it comes to characterizing and potentially predicting
the onset of obesity in a well-controlled laboratory study.
Indirect calorimetry is an example of a popular method that has
emerged to measure energy expenditure by measuring oxygen
consumption and carbon dioxide production in real time (Lam
and Ravussin, 2017).

As to what constitutes a “high-fat” diet in a laboratory setting
is another fair point of contention. The standard fat content
present in the rodent diet is approximately 10% which can
come from various sources such as lard, corn oil, safflower oil,
coconut oil, soybean oil or menhaden oil (Wankhade et al,
2016; Weiskirchen et al., 2020). Typically, high-fat diet studies
conducted in rodents consist of diets containing either 45%
or 60% fat and high sucrose content. Diets containing 45%
fat are often referred to as a “Western” diet in the literature,
whereas 60% high fat diets are often termed “High Fat” (Wilson
et al., 2007; Ballal et al., 2010; Bruder-Nascimento et al., 2017;
Chaix et al., 2021). Many laboratories opt for a 60% high-fat
diet as mice become obese more rapidly, which thereby reduces
cage costs and is more convenient (Speakman, 2019). However,
a 60% high fat diet is an extreme example of diet-induced
obesity and does not accurately reflect the typical Western
dietary composition in humans (Hintze et al., 2012). The issue
surrounding the appropriate translation of high-fat diet studies
in rodents has been an ongoing concern for some time and
was discussed at length by an editorial published by Speakman
(2019). According to Speakman, the stereotypical American or
European diet is estimated to contain roughly 36—40% total
calories from fat, while the upper end of the spectrum may
contain up to 50—60% of calories from fat. Yet, this is not
to be confused with the ketogenic diet which entails up to
80—90% of caloric intake be from various fat sources (Allen
et al., 2014; Cabrera-Mulero et al., 2019). What is important to
note in the diet-induced obesity area of research in rodents is the
comparison between an animal fed a standard diet consisting of
10% fat vs. an animal fed a high-fat diet of 60%. Certainly, this
analysis can be considered largely skewed and not an accurate
reflection of the human condition. Therefore, the “Western”
high fat diet (45%) may be considered more well-suited for use
in the context of translation and may result in the improved
validity of analysis between cohorts of animals.

When it comes to comparing measures of obesity across
mouse models, both intrinsic and strain variations have been
shown to exert confounding effects, making the validity and
reproducibility of metabolic data collected difficult to compare
between groups. An investigation using more than 30,000
male C57BL/6] mice illustrated that large phenotypic variation
exists in mice energy expenditure, despite a virtually identical
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experimental design across four institutions around the world
(Corrigan et al,, 2020). The primary variables that appeared
to be responsible for this variation included: mouse body
composition, ambient room temperature and institutional
location of the study. The Corrigan group recommend reporting
these additional parameters in further metabolism studies for
better transparency and reproducibility between groups. The
widely used C57BL/6] is also typically considered an obesity-
prone sub-strain, as they exhibit an array of obese biomarkers
(i.e., marked weight gain, hyperinsulinemia, lipid accumulation
in the liver and adipose tissue, and amongst other parameters),
while the A/J strain appears to be obesity-resistant (Surwit et al.,
1995; Nilsson et al., 2012; Li et al., 2020). An additional report
studying strain-specific differences found BALB/c mice to be
less-susceptible to high-fat diet induced obesity (Montgomery
et al,, 2013). Further strain-specific responses to dietary obesity
has been characterized in earlier work (West et al., 1992, 1995).
Sex-specificity is another critical variable to consider, especially
in the context of diet-induced obesity during pregnancy.
Previous work had demonstrated female C57BL/6 mice to be
less susceptible to develop obesity and associated metabolic
syndrome than males (Grove et al, 2010; Pettersson et al,
2012). Grove et al. (2010) found following a 12-week high
fat diet regimen, females gained less weight than males; and
following microarray analyses of adipose tissue depots between
sexes, male adipose tissue exhibited a far more pronounced
expression of inflammatory genes opposed to females. Their
results being indicative of an inherent distinction between male
and female adipose tissue, irrespective of diet. Pettersson et al.
(2012) in contrast, found male and female mice to be similar
in weight following a 14-week high fat diet regimen. However,
further analyses of adipose tissue inflammation revealed notable
sex differences (Pettersson et al., 2012). Male mice developed
hyperinsulinemia and low-grade, systemic inflammation by
means of an increased inflammatory macrophage population in
intra-abdominal adipose depots. Whereas female mice did not
display hyperinsulinemia or systemic inflammation, but instead
displayed an increased anti-inflammatory Tieg cell population in
adipose tissue in response to weight gain. These sex-dependent
differences in response to high-fat diet exposure point to an
interesting inflammatory mechanism that could be responsible
for why female C57BL/6 mice appear (largely) resistant to
obesity and ensuing metabolic syndrome. Since these studies,
multiple groups have successfully modeled diet-induced obesity
in female mice and further investigated potential immuno-
metabolic mechanisms that play a role in resistance to metabolic
changes; typically using approximately 45% kcal or a 60% kcal
of fat diets (Samuelsson et al., 2008; Bruce et al., 2009; Ashino
et al, 2012; Ge et al.,, 2014; Sasson et al., 2015; Singer et al,
2015; Bruder-Nascimento et al., 2017; Chang et al., 2019; Suarez-
Trujillo et al., 2019; Fernandes et al., 2021; Losol et al., 2021;
Zhang et al., 2021).
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As the “Western” diet continues to take hold across the
western world, there will be an ever-increasing proportion
of high-risk pregnancies that will be susceptible to MIA and
increased risk of NDDs due to maternal obesity. Therefore,
it is crucial to begin incorporating this maternal state into
future MIA animal investigations in conjunction with other
traditional stressors (i.e., Poly I:C and LPS); while controlling
for the effects of obesity-induced metabolic syndrome. Not
only does this improve the credence of the MIA model
but also its translational status. Fortunately, the diet-induced
obesity model is very well-established in various rodent
strains, ages, and developmental windows that the extension
of such into a novel MIA study would not pose much of a
challenge in terms of experimental design. With the above
variables discussed in mind, the implications of modeling
maternal obesity in the MIA space would provide valuable
insight regarding the mechanisms driving fetal programming
and subsequent neurodevelopment. However, the following
experimental considerations should be addressed: (1) Is the
laboratory high-fat diet composition translationally relevant and
optimal for use throughout pregnancy? (2) If using mice, is the
strain being used for the study characterized as obesity-prone or
resistant? (3) Are obesity-induced metabolic changes able to be
monitored and/or controlled for during the study?

2.5 Laboratory diet and food
sterilization

Here, we shift the discussion from various inducers of
maternal stress and subsequent inflammation to the importance
of the maternal diet and modes of food sterilization. The
composition of laboratory rodent diet is a variable that most
research groups rarely consider or report on, unless conducting
a diet study. But arguably, the choice of diet when designing
an MIA animal study holds just as much weight as immunogen
selection. We will discuss some key features that make up two of
the most widely used laboratory rodent diets: grain-based (GB)
and purified diets; and highlight their respective advantages
and disadvantages. We will also discuss how phytoestrogen
content in GB diets can influence experimental results and the
implications of exposure during fetal development. Lastly, we
will cover how sterilization processes can influence resulting
nutrient composition and potentially, pregnancy viability.

Grain-based diets are cereal based and contain various
combinations of natural ingredients such as soybean meal,
ground corn, fish meal, wheat middlings, animal by-products,
and high levels of insoluble and soluble fiber (Pellizzon and
Ricci, 2020; Weiskirchen et al., 2020). There are advantages
to using GB diets; they offer sufficient levels of essential
nutrients for promoting growth and reproduction, animal
colony maintenance and are relatively inexpensive (Pellizzon
and Ricci, 2018). However, they tend to be more variable in
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nutrient content due to the diversity of ingredients involved,
resulting in significant batch to batch variation. This source
of variation is addressed by manufacturers through numerous
quality control measures and altering the amounts of ingredients
to ensure more nutrient consistency between batches (Pellizzon
and Ricci, 2020). Unfortunately, these alterations to ingredient
and nutrient composition are not always fully disclosed
by manufacturers and is typically “closed” or proprietary
information (Pellizzon and Ricci, 2018), limiting researchers’
ability to fully report the composition of their GB diet of choice
in their studies. Therefore, if using a GB laboratory diet for
MIA experiments, it is strongly recommended to employ a
manufacturer that has an “open” formula (Barnard et al., 2009)
or willing to disclose nutrient and ingredient composition upon
request. This will allow for further transparency between both
researchers and laboratory diet manufacturers, in addition to
improving the reproducibility of the study. Importantly, GB
diets not only present nutrient and ingredient variation, but also
non-nutrients and contaminants. These include compounds
such as phytoestrogens (Jensen and Ritskes-Hoitinga, 2007),
heavy metals (i.e., arsenic) (Kozul et al, 2008) and synthetic
contaminants, the levels of which vary depending on the
manufacturer (Mesnage et al., 2015; Pellizzon and Ricci, 2020).
While all of these factors present significant cause for concern
about how they affect experimental results, what is probably
most relevant in the context of MIA studies are the effects of
phytoestrogen content.

Phytoestrogens are plant derived estrogenic compounds
that mimic the structure and, in some instances, function of
mammalian steroidal estrogens (Jensen and Ritskes-Hoitinga,
2007). There are three main categories of phytoestrogens that
are relevant to both human and animal health: (1) isoflavones:
derived from soybeans, (2) lignans: derived from large quantities
of flax seeds, and (3) coumestrol: derived from alfalfa sprouts
(Odum et al, 2001; Lephart et al., 2002). Many GB diets
consist of either soybean and/or alfalfa meal as a source of
protein, inadvertently leading to high levels of either isoflavones
or coumestrol in animal feed. As soy is typically the main
constituent of many GB laboratory diets, we will discuss
isoflavones here in more detail. Isoflavones possess a striking
resemblance to the 17-B-estradiol steroid hormone, allowing
them to exert variable effects via binding to estrogen receptors,
ERa and ERP in humans and rodents (Lephart et al., 2002;
Dixon, 2004; Jensen and Ritskes-Hoitinga, 2007). These variable
effects are believed to be due to their ability to elicit both
estrogenic and antioestrogenic effects and classifies them as
“Selective Estrogen Receptor Modulators” (Cornwell et al,
2004; Jensen and Ritskes-Hoitinga, 2007). The two primary
isoflavones in soybeans are genistein and daidzein in the form
of glycosides (Messina et al., 2004). These isoflavones have been
deemed the most potent in terms of estrogenic activity (Glazier
and Bowman, 2001; Lephart et al., 2002; Jensen and Ritskes-
Hoitinga, 2007) and as a result of soy being the principal source
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of protein in many laboratory diets, sustained, high steady-
state isoflavone concentrations in the serum of rodents have
been observed (ranging > 800 ng/mL) (Brown and Setchell,
2001; Thigpen et al., 2004; Jensen and Ritskes-Hoitinga, 2007).
In addition to that, transplacental transfer of both genistein
and daidzein has been demonstrated in studies done in rats
(Doerge et al., 2001; Scott Weber et al., 2001; Degen et al., 2002),
showing biologically relevant concentrations present in both
the brain and serum of the offspring. Furthermore, genistein
exposure pre- and postnatally has been reported to induce
both reproductive (Jefferson et al., 2007; Cimafranca et al,
2010) and behavioral impairments (Wisniewski et al., 2005;
Rodriguez-Gomez et al., 2014) such as decreased aggression,
increased defensive behaviors and demasculinization in male
mice. Additional studies have demonstrated these compounds
to have profound effects on many aspects of sexual development
as well; including changes to the timing of onset and indicators
of puberty, impaired estrus cycling, ovarian function and
altered hypothalamus and pituitary function (Odum et al., 2001;
Thigpen et al., 2003; Kim and Park, 2012). Taken together, these
studies emphasize the significance of phytoestrogen exposure on
rodent sexual and behavioral development and demonstrate the
potential of these dietary compounds interfering with critical
periods of both prenatal and neonatal development. That being
said, if selecting a maternal GB laboratory diet for an MIA
study, research groups should attempt to address the following
points: (1) Is there a GB-alternative that is free of soy meal or
alfalfa? (2) Can the phytoestrogen concentration be disclosed by
the manufacturer? If not, are there resources available in the
laboratory to quantify these levels? (3) Are the endpoints of the
study sensitive to estrogen and/or antioestrogenic effects?
Purified rodent diets on the other hand, are composed of
highly refined ingredients and provide standardized, balanced
compositions of nutrients. These compositions typically include
corn starch as a source of carbohydrate, soybean oil as
a source of fat, casein for protein, and cellulose for fiber
(Pellizzon and Ricci, 2020; Weiskirchen et al., 2020). Since
levels of both micro- and macronutrients are well defined for
purified diets, nutrient variability and contamination between
batches are small and individual ingredients can be readily
manipulated to fit the specifics of a study. Two widely used
purified diets today are the AIN-76 and AIN-93 series, which
were devised by two separate American Institute of Nutrition
committees in 1976 and 1993, respectively, to establish general
nutrition and dietary guidelines for laboratory rodent studies
(Reeves et al., 1993). Since their initial launch, subsequent
alterations have been made to better support rodent growth
and development and these typically serve as control diets for
many animal studies. While these diets provide researchers a
“cleaner” formula for maintaining consistency across studies,
it is important to note that they may inextricably lead to
an altered rodent phenotype compared to cohorts consuming
a GB diet. The refined nature of the purified diet, presence
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of sucrose, relatively low amounts of total fiber and lack of
fermentable fiber (cellulose is not fermentable by most gut
microbiota), can alter the intestinal tract and contribute toward
metabolic disease (Wise and Gilburt, 1980; Pellizzon and Ricci,
2018, 2020). Notwithstanding, modifications can easily be made
to purified diets to add more total and soluble fiber sources
or remove and/or substitute sucrose with corn starch for
example. Therefore, the overall benefits of using a purified
diet may outweigh potential metabolic risks. However, before
committing to an AIN-series standard, it is worthwhile to
examine if the desired experimental endpoints align with the
dietary composition: (1) Does the level of dietary refinement
matter in the context of the MIA study? (2) Further, is the
maternal gut microbiota a critical variable of the study? If so, does
the desired AIN-series formulation require phenotyping prior to
implementation in the study?

Sterilizing laboratory diets is typically a necessity for many
animal research facilities and common practice for specified-
pathogen-free (SPF) animals. This is done to eliminate possible
sources of microbial contamination that could lead to disease
or infections among animal colonies and potential transmission
within the larger animal facility. Due to sterilization processes
being such common practice, research groups by and large have
overlooked the significant influence they can have on resulting
nutrient values and toxic compounds. These alterations can
fundamentally affect various phenotypic parameters across
generations of laboratory rodent models. Accordingly, we will
discuss the two predominant sterilization methods used: steam
autoclaving and irradiation, and their effects on overall diet
composition and quality, fetal development, and breeding for
MIA experimental design.

Autoclaving involves heat sterilization through a series
of fluctuations in temperature and pressure. This method
is rather inexpensive and effectively rids the feed of any
microorganisms, viruses, and bacterial spores. There are no
fixed standard autoclaving parameters for sterilizing animal feed
but, most institutions use either 121°C or 135°C between 20
and 30 min (Ford, 1977; Twaddle et al.,, 2004; Weiskirchen
et al, 2020), with one study suggesting the recommended
sterilization temperature for SPF rodents be 121°C for 20 min
(Tusnio et al., 2014). While autoclaving is certainly effective, it
can introduce some negative effects on diet quality. There are
reports of significant decreases in fat soluble vitamins A and
D, and water soluble B1 (thiamine), alterations in isoflavone
concentration, protein quality and bioavailability — as the amino
acids lysine and cysteine are considered heat-sensitive (Collins
et al., 1992; Tusnio et al., 2014; Kurtz et al., 2018). Therefore,
manufacturers fortify their diets with additional vitamins and
proteins to compensate to make diet formulations more suitable
for autoclaving. A notable observation from multiple groups is
that following autoclave sterilization, there are increases in food
pellet hardness (Ford, 1977; Kurtz et al., 2018; Weiskirchen et al.,
2020). This introduces expected changes in the way the animals
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can effectively consume their feed and resulting wastage. In a
study done in DBA/1 and LACA strains of mice, it was observed
that mice fed a “commercially” available autoclaved pelleted diet
reduced overall food wastage but also true consumption of the
diet (Ford, 1977).

Besides compromising nutritional value and altering a diets’
physical properties, autoclaving is also known to result in the
production of acrylamide — an industrially produced, reactive
crystalline solid used to synthesize polyacrylamide (Friedman,
2003). This compound can be found in cosmetics, paper,
and textile industries, in addition to the laboratory in the
form of polyacrylamide gel for the separation of proteins by
electrophoresis (Friedman, 2003). It is also considered to be
a potent neurotoxin, genotoxin, and multiorgan carcinogen
in laboratory animals and a likely carcinogen in humans
(Rice, 2005; Kurtz et al, 2018). Moreover, a study done by
Kurtz et al. (2018) demonstrated levels of acrylamide produced
from autoclaving standard rodent feed directly corresponded
to increasing sterilization temperatures — with levels being
comparable to the estimated dietary intake in humans from
heated foods. Dietary exposure to acrylamide in humans is
formed as a by-product of cooking everyday foods when
reducing sugars (i.e., fructose and glucose) react with the amino
acid asparagine during a chemical reaction called the Maillard
reaction (Virk-Baker et al., 2014). Products of this reaction
are what causes food to brown and are responsible for much
of the taste from baking, frying or roasting (Mottram et al,
2002). Since its discovery in the human diet and autoclaved
rodent feed, many have studied the physical and chemical
properties of acrylamide and the associated risks of exposure
to it extensively. It is becoming increasingly more important
to consider the parameters used for routinely autoclaving
animal feed institutionally and how this potential toxicity
may affect the interpretation of resulting data. Therefore,
research groups should consider the following when it comes to
autoclaving laboratory feed: (1) Are the institutional autoclaving
procedures appropriate for the study? (2) Can the laboratory
diet manufacturer share details regarding the degree to which
nutritional value is altered following autoclaving? Palatability of
the diet? Potential polyacrylamide levels? (3) If the diet is not
suitable for autoclaving, are there reasonable alternatives that will
preserve the formulation and not affect downstream analyses?

Gamma-irradiation on the other hand, involves the use of
y-rays as a means to destroy microorganisms present in animal
feed and reduces possible diet spoilage. This process is a suitable
sterilization alternative to autoclaving and appropriate for
animals housed under SPF conditions or immunocompromised.
The irradiation dosage is measured in kiloGrays (kGy), with
one Gray (Gy) referring to the absorption of one joule (J)
of radiation energy per kilogram of material (1 Gy = 1 J/kg)
(Weiskirchen et al., 2020). Standard dosages used range from
20 to 30 kGy and higher doses between 40 and 50 kGy are
typically used for germ-free animals where food sterility is even
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more critical (Caulfield et al., 2008). The preferred dosage used
by the manufacturer’s irradiation facility is typically disclosed
upon the investigators’ request and depending on the specific
requirements of the study, the dose can be modified. The
irradiation process itself, requires a controlled concentration
of y-rays to be exposed to the animal feed from a radioactive
source; which in commercial radiation facilities is usually cobalt-
60 (Caulfield et al., 2008; Weiskirchen et al., 2020). A defining
feature of y-radiation is its impressive capability to penetrate
material, making it a highly effective method for destroying
any lingering pathogens that may be present in animal feed
and ensuring sterility (Kilcast, 1994; Caulfield et al., 2008).
However, the way in which ionizing radiation works involves
the production of highly reactive free radicals. These molecules
react with the DNA of living microorganisms causing cell
death (Kilcast, 1994). These free radical by-products have
implications not only for the integrity of the animal diet,
but possibly the overall health of the animal as well. It has
been well-established that y-irradiation of animal feed leads
to the reduction of vitamin content, alters vitamin stability,
and compromises fatty acid composition. An interesting study
examined the effects of “standard” (28.9—34.3 kGy) and “high-
end” (38.4—48.7 kGy) dosages of y-irradiation on protein, fat,
and carbohydrate present in commercially available cat, canine,
and rodent feeds (Caulfield et al., 2008). They observed that
y-irradiation increases peroxide content across all diets. While
significant reductions in vitamin A following both dosages were
observed solely in the cat diet, only the high dosage reduced
vitamin A in the rodent diet, and no changes to vitamin A levels
were observed in the canine feed. An earlier study examined
the effects of y-irradiation on vitamin content in laboratory feed
for germ-free chickens, SPF cats and guinea pigs (Coates et al.,
1969). Coates et al. (1969) discovered there to be significant
reductions in vitamins C, Bl, E, and A using an irradiation
dosage between 20 and 50 kGy. Fatty acid content is another
important aspect of nutrition for any animal diet and proven
to be quite challenging to preserve during the sterilization
process — whether it be autoclaving or y-irradiation. Ionizing
radiation, as alluded to previously, generates many free radicals
that work to eliminate various microorganisms. But in the
context of fat preservation, this method is arguably, less than
ideal. A study investigating the effects of ionizing radiation
on fatty acid composition and lipid peroxidation products,
observed a striking destruction (98%) of polyunsaturated fatty
acids that was associated with an increase in lipid peroxide
formation following doses of 2—10 kGy (Hammer and Wills,
1979). High dosages of y-irradiation can result in the formation
of lipid peroxides, the extent of which depends on several factors
including, lipid composition, irradiation dosage, temperature,
oxygen, and antioxidants of course (Hammer and Wills, 1979).
Notably, unsaturated fats are most vulnerable for undergoing
lipid peroxidation. The ensuing lipid peroxides have been
demonstrated to result in the formation of insoluble plaques,

Frontiers in Neuroscience

14

10.3389/fnins.2022.1071976

that can build up within blood vessels (Tritsch, 2000; Harrell
et al,, 2018). Lipid peroxides can also be extremely reactive
and depending on concentration, can disrupt cell signaling
processes, cause protein and DNA damage, and cytotoxicity
(Ramana et al.,, 2019). While the introduction of y-irradiation
may be considered indirect, as the y-rays are only directly
exposed to the feed and not to the animal, the oxidative by-
products, and any additional residual degradation products,
could have indirect effects on the animal’s metabolism and
fertility. Maternal exposure of such could in turn, result in
persistent changes to the epigenome that could be transmitted to
generations of offspring, and lead to inaccurate interpretations
of MIA data if not accounted for. Accordingly, some points for
groups to consider regarding y-irradiation: (1) Is the maternal
diet of choice sensitive to the effects of y-irradiation sterilization?
If so, at what dosage? (2) If the study opts for a high-fat maternal
diet - is y-irradiation necessary? (3) Can the production of
lipid peroxides be measured before administering the diet to the
animals?

2.6 Parental genetics and impact on
the immune system

It is well-known that there is immunological variation
between different laboratory strains of rodents. In fact, one
of the most widely recognized differences in immunological
responses lies within the commonly used C57BL/6 and BALB/c
strains. C57BL/6 mice demonstrate a subset of helper T
(Th) cells termed, Th-1-predominant response to pathogens,
while BALB/c strains typically exhibit a Th-2-predominant
response (Sellers et al, 2012). In brief, Th-1 cells facilitate
the elimination of intracellular pathogens, whereas Th-2 cells
mediate responses to parasitic infections (Sellers et al., 2012).
How each modality brings about these respective responses,
involves a great deal of nuance outside the scope of this
review, but many typically arrive at the dichotomous M1/M2
macrophage paradigm that has sparked some controversy over
the years. Briefly, this dichotomy of a Th-1 vs. Th-2 response
(and M1 vs. M2) is an oversimplification as it is becoming
increasingly clear that helper T cell and macrophage responses
exist on a continuum. Further discussion concerning the details
of this paradigm can be found here: (Nahrendorf and Swirski,
20165 Ley, 2017). For the purposes of this review, essentially
the Th-1-mediated immune response generates IFN-y which
predominantly activates macrophages; the Th-2-mediated in
contrast, generates IL-4, IL-5, and IL-10, which largely inhibits
macrophage activation and stimulates antibody production
instead (Mills et al., 2000). These responses are part of a larger
spectrum of immune processes, in line with differing states
of activation and differentiation of immune cells, including
macrophages and Th cells (Nahrendorf and Swirski, 2016). The
important distinguishing factor between the states is not one of
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activated vs. an inactivated status, but their propensity to express
different metabolic programs. Sellers et al. (2012) found M1
macrophages to mainly facilitate the Th-1 response and generate
higher levels of nitric oxide following IFN or LPS exposure as
opposed to M2 macrophages, who mainly facilitate the Th-2
response and generate polyamines (Mills et al., 2000). Therefore,
each host of immune responses and associated macrophage
activity undoubtedly affects the outcomes of rodent studies
involving infection and immunity.

Mouse models of asthma for instance, have been examined
in at least nine different strains (Whitehead et al., 2003) and
results from these experiments illustrate the significance of
genetics on immune reactivity. For example, a study done
by Schwartzer et al. (2017) investigated maternal allergy and
asthma during pregnancy as a model of MIA in mice. They
used two immunologically distinct mouse strains (C57BL/6
and FVB/Ant) that present with differing allergen-induced
asthmatic responses. As described by Schwartzer et al. (2017),
the FVB/Ant strain displays a more heightened Th-2 mediated
allergic-asthma response following allergic asthma induction
than C57BL/6 mice and similar to what has been described
in Balb/c mice (Gueders et al,, 2009). In line with this, the
C57BL/6 strain, displays a dampened Th-2-response (i.e., Th-
1-dominant) in an ovalbumin-induced allergy model (Zhu and
Gilmour, 2009). In brief, the authors demonstrated strain-
dependent behavioral changes in offspring born from maternal
allergic asthma (MAA) dams. The C57BL/6 MAA offspring
demonstrated reduced social interactions with a strain-matched
control mouse, while FVB MAA offspring demonstrated
more social engagement. This data is also consistent with
Schwartzer et al’s (2013) earlier work highlighting strain-
specific interactions following poly I:C-induced MIA between
C57BL/6 and BTBR T T tf/] mice. Overall, strain-specific
immunity has the potential to affect downstream analyses
and underscores the importance of strain selection when
planning and reporting an MIA investigation. What is perhaps
even more interesting, is that the above reports are the sole
studies to our knowledge, that have raised the question of
whether a Th-2 mediated maternal immune response presents
the same risk of neurodevelopmental disease or associated
pathology as a Th-1 mediated response. This question opens
the door for further comparative MIA studies between several
commonly used rodent strains (i.e., C57BL/6/Balb/c) and could
yield compelling results surrounding Th-1 and Th-2 mediated
maternal immunity and offspring brain pathology and behavior.
Both traditionally used immunogens, LPS and poly I:C, drive
a Th-1 mediated immune response (McAleer and Vella, 2010),
which will affect BALB/c and C57BL/6 mice differently and
subsequently, their offspring.

Investigators should also be aware of which genetic strains
are more resistant and susceptible to particular pathogenic
stimuli. Inbred laboratory mice strains display immune response
patterns that continue to depart from previous generations,
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as a consequence of numerous mutations and polymorphisms
(Sellers et al., 2012). If one is uninformed about some of the
defining characteristics of a specific strains’ immune response,
this can undermine accurate data interpretation; especially
when unraveling how the maternal immune response influences
various physiological responses in the offspring. SJL/] mice
for instance, are described by The Jackson Laboratory —
as being immunocompetent but displaying elevated levels of
circulating T cells — a variable of the adaptive immune system
that should be taken into consideration when performing
immunological analyses (The Jackson Laboratory!). To provide
another example, we turn to Tl/r4 mutant mice. To reiterate what
has been previously described, TLR-4 is the primary receptor for
recognizing LPS and is used in a substantial number of MIA
studies. The C3H/He] mouse strain (and associated strains)
possess a point mutation in the TIr4 gene that renders the
TLR4 receptor unresponsive to LPS and consequently, these
mice become more susceptible to gram-negative infections
such as, Escherichia coli (Suhs et al.,, 2011). It has also been
documented that C57BL/6 mice are inherently more susceptible
to infection from Mycobacterium paratuberculosis as compared
to C3H/HeN mice (Veazey et al.,, 1995). This is due to C57BL/6
mice carrying a susceptibility allele for the Bcg (Nrampl)
gene that controls natural resistance to the bacterium (Buu
et al.,, 2000). The role of the complement system is another
important player of innate immunity and a system posited to
be “primed” by MIA during fetal development (Knuesel et al.,
2014). There are various mouse strains (A/], AKR/], DBA/2,
DBA/1, FVB/NJ, and SWR) that possess a loss-of-function
mutation in complement component 5 (C5), due to a frame
shift mutation in their hemolytic complement (Hc) gene (Wetsel
et al,, 1990; Sellers et al., 2012). C5 is an important part of
a larger family of complement proteins that broadly facilitate
phagocytosis, inflammation and cytolytic processes in response
to pathogens (Wetsel et al., 1990; Chen et al.,, 2010). On the
whole, strains that possess this mutation are more susceptible
to infections from Bacillus anthracis, Aspergillus fumigatus, and
Candida albicans compared to the C57BL/6 strain which possess
intact C5 function (Harvill et al., 2005; Svirshchevskaya et al.,
2009; Radovanovic et al., 2011).

Against this background, perhaps a simple declaration of
the hosts predominant innate immune response will become
common practice and spark more meaningful discussion
thereafter. However, there has been exploration of gene-
environment interactions in MIA models that have tip-toed
around the idea of genetic background-specific effects and
susceptibility to disease. This has largely been done in the
context of introducing human susceptibility-genes known to
predispose an individual to schizophrenia or autism-related risk
in addition to maternal poly I:C exposure (Abazyan et al., 2010;
Vuillermot et al., 2012; Lipina et al., 2013; Wuetal., 2015).

1 https://www.jax.org/strain/000686
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The activation of the maternal immune system is driven by
a multitude of factors and with that, it can be presumed that
a breadth of immune responses take place during pregnancy
that ultimately render a child to be at higher risk of disease
incidence. Therefore, if the goal of modeling MIA in animals
is the ability to confidently translate observations to the
human population, it would be advised to bear in mind the
following: (1) Ensure the implementation of Th-1 and Th-2
specific stimuli are incorporated into the appropriate model (2) Is
the genetic background of the model predisposed to a Th-1 or Th-
2 dominant response?(3) Have the background genetics dictating
host immunity been well-characterized?

3 Offspring effects of MIA and
analyses

Here, we shift the discussion from variables to consider
when designing a maternal focused MIA experiment, to
further experimental considerations when analyzing MIA
offspring. Measures of prenatal stress due to MIA should not
be confounded with factors that could affect the perinatal
environment, therefore skewing any offspring behavioral or
biochemical data. In other words, the perinatal environment is
just as important to control as the environment in utero.

3.1 Neonatal handling and
cage-change frequency

When disclosing offspring analyses, most MIA reports
typically include the date of weaning and/or sexing, the timing of
subsequent behavior testing and if both sexes were included in
the following analysis. However, details regarding the neonatal
period prior to weaning are often rarely reported. Yet, the
neonatal period is considered just as sensitive a time for
neurodevelopment as the prenatal period and can present an
important source of biological variation if not accounted for.
The primary aim of many MIA investigations is to uncover
deterministic mechanisms specific to the in utero environment
that could be responsible for biochemical and behavioral deficits
akin to NDDs. Nonetheless, many investigations tend to place
the most emphasis on the effects of the prenatal environment
instead of the neonatal period as well.

Most of what we have come to understand about the effects
of neonatal stress, early rearing environments and handling
effects on the developing nervous system has largely come from
studies in rats (Levine, 1956; Levine et al., 1967; Wakshlak and
Marta, 1990; Smythe et al., 1996; Vallée et al., 1997). This area of
study surfaced substantially from early work by a distinguished
psychobiologist, Seymour Levine who was intrigued by the idea
that early life experience had lasting effects on behavior and
personality development (Stern et al., 2010). Levine et al. (1967)
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have been credited as the first to develop a rodent model
of early-life trauma and to demonstrate the enduring effects
on neurodevelopment (Levine, 1956, 2002). An exceptional
commentary on the contributions of his work can be found here:
(Stern et al., 2010).

The first 2 weeks of life in rodents involve extensive neuronal
plasticity and include the orchestration of the following
processes: synaptogenesis, dendritic outgrowth and formation
of the neural circuitry (Parfitt et al,, 2004). Attention to the
frequency of cage changes and neonatal handling prior to
weaning has been recognized to have lasting effects on offspring
behaviors and response to stress; and in a sex-specific manner
as well. Neonatal handling refers to the separation of pups from
the dam for a short period daily (the timing of which typically
ranges between 3 and 15 min), during the neonatal period
prior to weaning (Akatsu et al., 2015). Protective benefits have
been overwhelmingly observed amongst offspring subject to this
paradigm, where neonatal handled rats have been described
to exhibit an overall better-modulated or adaptable response
to stress following several endocrinological and behavioral
testing (Raineki et al., 2014). Findings supporting this notion
span from numerous observations that demonstrate increased
glucocorticoid receptor density and receptor binding in the
hippocampus (Meaney and Aitken, 1985; Meaney et al., 1985a,b,
1988, 1989; vishai-Eliner et al., 2001) to reduced stress hormone
secretion and a speedier return to baseline levels following
various stress-inducing stimuli in handled vs. non-handled
animals (Levine et al.,, 1967; Hess et al., 1969; Weinberg and
Levine, 1977; Plotsky and Meaney, 1993; Meerlo et al., 1999;
Liu et al,, 2000). An excellent review discussing the extensive
effects of neonatal handling in further detail can be found
here: (Raineki et al., 2014). In addition to the beneficial effects
appeared to be inherent to neonatal handling, few studies
have found this convention to rescue anxiety-like behavior and
even hippocampal neurogenesis following exposure to various
prenatal-stressors during pregnancy (Wakshlak and Marta,
1990; Lemaire et al., 2006; Bogoch et al., 2007). This collection
of data raises questions regarding the relevance of the neonatal
period in the context of an MIA investigation. While those
carrying out MIA studies are not actively conducting neonatal
handling experiments in and of itself, the frequency of cage
changes prior to weaning can potentially have influence on
downstream analyses of the offspring. This source of variation
is in line with differences observed between two caging systems
(i.e., open cage and individually ventilated cage systems) on the
outcomes of MIA in mice (Mueller et al., 2018).

The frequency of cage-changes varies across laboratory
animal facilities and while it remains an essential practice to
ensure good health and wellbeing to both the animals being
housed and humans working with those animals, it can also
prove to be disruptive to mice. Rodents are incredibly scent-
driven in nature, where a “stress-free” microenvironment for
them equates to a pheromone- and biological waste-laden cage
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that humans would often constitute as “dirty.” An investigation
prolonged the cage-changing period to 17 days and analyzed the
effects on health and welfare on ICR female mice (Rosenbaum
et al., 2009). The authors note this strain of mice were selected
due to their inherently larger size and with a capacity of 5 mice
per cage to model a microenvironment that would serve as a
more extreme example of a “dirty” cage. Overall, the 17-day
cage-change interval did not give rise to any detrimental effects
on the microenvironment within the cages (i.e., ammonia levels,
temperature, and humidity) and wellbeing of the mice (i.e.,
body mass, coat condition, behavior, fecal corticosterone, and
pulmonary cytology). Another study tested 7-, 14-, and 21-day
cage-change frequencies on C57BL/6] breeding performance,
weanling weight and growth, plasma corticosterone levels,
immune function, and histology on selected tissues (Reeb-
Whitaker et al., 2001). They observed reducing cage-change
frequencies to every 14 or 21 days did not present any
detrimental effects on the above parameters. While the number
of pups born remained unaffected, they did find pup mortality
to be highest when cages were changed every 7 days; suggesting
a cage-change frequency once every 14 or 21 days may be more
beneficial to ensure pup survival. Discussions revolving around
the improvement of animal welfare by reducing the frequency
of cage changes have been relatively scarce in recent years (Reed
et al., 2008) and with the number of MIA studies in rodents on
the rise, warrants further dialog. Nonetheless, preliminary data
points to no adverse effects on the health of the mice.

Thus, cage changes are yet another variable that needs to
be considered. Many laboratory animal facilities carry out cage-
changes within a 3-to-7-day range (Rosenbaum et al., 2009) and
therefore presenting this modification to ones’ resident animal
ethics or welfare committee may present challenges. In the case
of an MIA investigation where parameters of stress must be
tightly controlled, a modification in this case may be justified. In
addition, it may elicit more robust behavioral and biochemical
data in MIA offspring if they are left undisturbed with the
mother prior to weaning. In the context of neonatal handling
and cage-change frequency, investigators should consider the
following points: (1) Can neonatal-handling be monitored during
the study? (2) Can cage-change frequency be reduced during the
neonatal and/or weanling period? (3) Is the context of the MIA
study sensitive to these parameters?

3.2 Sex differences

A strong sex bias is arguably at the heart of several NDDs,
such as ASD, ADHD, and SCZ (May et al.,, 2019; Merikangas
and Almasy, 2020). Yet, the precise mechanisms responsible for
such remains unclear and many animal studies predominantly
analyze males. ASD is a prevailing example of a disease that
presents with a striking male bias, where the relative male:
female ratio is estimated to be 4:1 (Werling and Geschwind,
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2013; Lord et al, 2020). ADHD also appears to possess a
similar bias, with increased prevalence amongst males with an
estimated male: female ratio of 3:1 (Hanamsagar and Bilbo,
2016). The provocative “female protective effect” hypothesis
has been proposed which stems from human genetic analyses
suggesting females may require a higher mutational burden
or etiologic load to manifest autism associated impairments
(Robinson et al., 2013; Jacquemont et al., 2014). While in the
context of male vulnerability to NDDs, the early “extreme
male brain” hypothesis was proposed which posits autism to
arise from hypermasculinization of the brain and driven in
large part by fetal testosterone exposure (Baron-Cohen, 2002;
Auyeung et al., 2006, 2009). However, these examples are only
two of many emerging hypotheses that attempt to unpack the
extremely complex sex bias that lies within the manifestation of
many NDDs, and with limited empirical support, warranting
further study. Unfortunately, a large part of MIA-animal
data either do not include “sex” as a biological variable in
downstream analyses or do not investigate the many nuances
of sex-specificity which is extremely relevant in the etiology
of several NDDs. In addition, male and female analyses are
often pooled together rather than analyzed independently. An
exceptional commentary on the profound sex disparity amongst
MIA animal models and basic neuroscience research as a whole,
can be found elsewhere (Coiro and Pollak, 2019).

Sexual dimorphism is also often observed in the context of
the immune system as a whole and may lend additional insight
as to why males fare worse than females in the development
of NDDs. Overall, adult females produce a more robust innate
and adaptive immune response than males (Klein and Flanagan,
2016). This rapid clearance of pathogens is believed to be
due in part, to higher circulating levels of immunoglobulins
IgM and IgG in females (Gal-Oz et al., 2019). However, this
response also comes with greater risk of SCI and subsequent
autoimmune disease. These observations have been confirmed
at the transcriptomic level in mice, where females were observed
to possess higher baseline levels of activated T cells and
immunoglobulins (Gal-Oz et al,, 2019). Single-cell sequencing
results from the same study also found higher expression of
interferon and complement-related genes in females exclusively
in macrophages derived from the peritoneal cavity, spleen, and
microglia in comparison with males. These data are indicative
of an enhanced ability in females to fend off various infectious
diseases, but at the cost of a higher susceptibility to autoimmune
diseases. Of which tend to affect women during periods of
exceptional stress or hormonal changes such as, pregnancy
(Angum et al, 2020). Males on the other hand, are more
vulnerable to pathogenic infections and often with increased
severity, beginning as early as birth and lasting through
adulthood (Klein and Flanagan, 2016; Chamekh and Casimir,
2019; Gal-Oz et al., 2019; Jaillon et al., 2019). Male newborns
experience more cases of sepsis and meningitis than females;
then beginning in early childhood, they become more at risk
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for developing various respiratory and viral infections (Libert
et al.,, 2010; Snell and Turner, 2018). These observations lead
to the proposition that a large part of what contributes to this
dimorphism in innate immunity lies within the X chromosome.

While the fine details of what constitutes a male and
female embryo is outside the scope of this review, here we will
provide a brief context that will be important for understanding
how the X chromosome confers an immunological advantage.
Essentially, the X chromosome is comprised of several genes
that are either directly or indirectly involved in the regulation
of the immune response, many of which are polymorphic
(Spolarics, 2007). Females carry two X chromosomes, while
males only carry one. Therefore, females inherently carry two
copies of X-linked immunomodulatory genes, whereas males
only carry one copy of these genes. If females were to express
double the amount of these genes resulting in double the
dosage of proteins in all cells, the physiological effects of such
would be incredibly detrimental. Therefore, to circumvent this
potential damage, an evolutionarily conserved process termed
X-chromosome inactivation emerged that randomly silences
one of the X chromosomes during the early stages of female
embryogenesis (Libert et al., 2010; Sahakyan et al., 2017). Where
the advantage lies for females is that this process results in
cellular mosaicism (i.e., half of cells express genes derived
from the maternal X chromosome, the other half express genes
derived from the paternal X chromosome), which confers an
additional layer of genetic diversity that confers protection from
both deleterious X-linked chromosome mutations and new
immune challenges (Spolarics, 2007; Libert et al., 2010). Males in
contrast, bear the unfortunate risk of manifesting most recessive
X-linked mutations, that explains the increased prevalence
and severity of several X-linked primary immunodeficiencies
amongst males (Libert et al, 2010). However, as mentioned
previously, females do experience a predominant predisposition
to several autoimmune diseases some of which have been
posited to be at the expense of skewed X chromosome
inactivation patterns over a woman’s lifetime (Ozcelik, 2008;
Selmi, 2008). Excellent reviews further delineating the effects
of sex chromosomes on innate immunity and inflammation
can be found elsewhere: (Spolarics, 2007; Libert et al., 2010).
Taken together, sex chromosomes are critical players in both the
etiology and pathogenesis of several diseases and can perhaps
help us untangle some of the complexity that lies within the
ever-so evident sex biases observed in a host of NDDs.

3.3 Male vulnerability and female
resilience

Of the few animal studies that have opted to analyze male
and female offspring independently, a clear sexual dimorphism
following MIA exposure appears to corroborate with what is
seen amongst human NDD patients. A notable MIA mouse
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study examining autism-associated behaviors in both male and
female offspring born to mothers exposed to either LPS or Poly
I:C during mid-gestation, found significant interactions between
“treatment” and “sex” (Xuan and Hampson, 2014). Specifically,
male offspring from LPS or Poly I:C treated dams demonstrated
increased repetitive behaviors via the marble burying test, while
female LPS and Poly I:C offspring did not exhibit any significant
increases compared with control females. Male Poly I:C and LPS
offspring appeared to show normal social behaviors with only
LPS female offspring displaying modest social deficits. Another
study observed males exhibited reduced social interactions
and deficits in motor development and coordination deficits
following prenatal Poly I:C exposure, whereas Poly I:C females
did not exhibit changes in sociability and displayed minor
developmental delays (Haida et al., 2019). These deficits in males
also appeared to be reflected by reduced numbers of Purkinje
cells in the cerebellum and reduced numbers of neurons in
the motor cortex. A recent study harnessed single-cell RNA
sequencing technology to better understand the molecular
mechanisms underlying MIA following Poly I:C exposure and
again, found sexually dimorphic effects between male and
female offspring (Kalish et al, 2021). Kalish et al. (2021)
observed marked sex-specificity in the context of proteostasis
and the integrated stress response (ISR) - another relevant
mechanism recently implicated in the etiology of NDDs gaining
momentum (Lombardo et al., 2018; Advani and Ivanov, 2019;
Chen et al,, 2019; Zengeler and Lukens, 2021). In brief, Kalish
et al. (2021) observed the activation of the ISR triggered by
ER stress, to be at the core of social and repetitive behavioral
deficits in male MIA offspring. Together with that, when the
ISR pathway was genetically ablated, social, and repetitive
behavioral deficits were rescued. Female MIA offspring on
the other hand, did in fact exhibit transcriptional changes in
response to MIA as well, but did not display the same degree of
disruption to translational machinery as males. These findings
suggest females exert better translational control under prenatal
stress which may also feedback into the notion that a higher
mutational burden is required for females to manifest several
NDD-associated impairments.

A related perspective on male vs. female vulnerabilities to
disease onset following prenatal MIA exposure is illustrated by
Braun et al. (2019). Following a battery of analyses focusing
on the relative abundance of cytokines in the fetal brain and
placenta, adult growth and behavioral testing, their findings
describe a unique set of developmental alterations between male
and female offspring. In essence, while males still suffered more
severe health outcomes in response to maternal inflammation
(i.e., elevated placental inflammation, reduced placental growth,
decreased social interactions, and impaired working memory);
females were not entirely “protected” and presented with their
own host of developmental consequences, including but not
limited to: moderate placental inflammation, delayed adult
growth, decreased exploration, and altered excitatory and
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inhibitory neuronal densities in the cortex. These data suggest
that the male and female response to MIA is incredibly unique;
and therefore, more experiments should incorporate both male
and female offspring to gain a more complete understanding of
what mediates differences in NDD incidence rates and severity.
On that note, future studies should consider the following: (1)
Will offspring analyses of both sexes be included in the study? If
so, is a rationale provided for pooling both sexes together and/or
keeping them independent (2) Are there sex-specific variables that
warrant disclosure or additional control? (3) Are any aims of the
study oriented to address the sex bias present in many NDDs?

4 Discussion

As the prevalence of NDDs continues to rise, a better
understanding of the biological mechanisms underpinning
these diseases can only be achieved with a reproducible
MIA animal model. The MIA experimental system that the
international scientific community has come to know serves
as an incredibly powerful tool for both researchers and
clinicians, for understanding the complex etiology behind
NDDs. Therefore, it’s important to recognize the experimental
parameters behind the model that support its validity and those
that undermine it. Productive discussions and action regarding
this have taken place over the years and more recently, an
MIA model reporting checklist has been proposed (Kentner
et al, 2019). The checklist includes several guidelines, such
as the number of experimental and control groups, details
regarding compounds and/or immunogens used, route of drug
administration, species/strain/vendor, housing, and husbandry,
experimental outcomes, and additional disclosures. Adherence
to this checklist moving forward is critical for improving
transparency and raising awareness of the many experimental
variables that can hinder accurate data interpretation and the
advancement of the MIA model. Since its’ launch, only few
publications, to our knowledge, have included a reporting
checklist as supplementary material (Kreitz et al., 2020; Mueller
et al,, 2021). However, it is expected to be implemented more
frequently as the details regarding the rigor and reproducibility
of the MIA model become even more transparent.

5 Conclusion

We have delved deep into the depths of MIA model
experimental design and a host of extraneous variables that
have the potential to act as confounds. Some of which have
been raised in previous discussions, such as the variability
surrounding the utility of Poly I:C and have made a lasting
impact on the widespread use of the Poly I:C-based MIA
animal model. While other environmental variables such as,
cage change frequency, neonatal handling, and laboratory diet
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on the other hand, have been left out of the larger MIA
model conversation. These variables can be described as “hidden
variables” (Butler-Struben et al., 2022) and are ubiquitously
present in all experiments. It is our hope that by drawing
immediate attention to these additional aspects of experimental
design, the integrity of subsequent animal MIA models will
greatly benefit. With this model coming under increasing
scrutiny, it is important to control for the most important
parameters where possible and disclose valuable information
to inform the larger scientific community moving forward.
The MIA model is unique in that it is incredibly malleable
and with that, its use has led to a diversity of discoveries
that have clued in both preclinical and clinical researchers
alike, on what causal mechanisms may be at work. Moving
forward, appropriate disclosures and standardized experimental
design will be paramount for driving two important clinical
goals: (1) How can we accurately predict which pregnancies to
be most susceptible to the neurodevelopmental risks of MIA
on offspring; and (2) how can we successfully intercept and
potentially reverse the consequences of this prenatal adversity
for individuals afflicted with various NDDs.

Author contributions

MB wrote the manuscript. All authors have made a
substantial, direct, and intellectual contribution to the work, and
approved it for publication.

Funding

MB and RD were supported by a National Health and
Medical Research Council (NHMRC) of Australia Investigator
grant (APP1193648). AG was supported by a University of
Sydney Vice Chancellor Fellowship. These sources of funding
were not involved in the preparation of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

References

Abazyan, B., Nomura, J., Kannan, G., Ishizuka, K., Tamashiro, K. L., Nucifora,
F., et al. (2010). Prenatal interaction of mutant DISC1 and immune activation
produces adult psychopathology. Biol. Psychiatry 68, 1172-1181. doi: 10.1016/j.
biopsych.2010.09.022

Advani, V. M., and Ivanov, P. (2019). Translational control under stress:
Reshaping the translatome. Bioessays 41, 1-10. doi: 10.1002/bies.201900009

Akatsu, S., Ishikawa, C., Takemura, K., Ohtani, A., and Shiga, T. (2015).
Effects of prenatal stress and neonatal handling on anxiety, spatial learning and
serotonergic system of male offspring mice. Neurosci. Res. 101, 15-23. doi: 10.
1016/j.neures.2015.07.002

Allen, B. G., Bhatia, S. K., Anderson, C. M., Eichenberger-Gilmore, J. M.,
Sibenaller, Z. A., Mapuskar, K. A, et al. (2014). Ketogenic diets as an adjuvant
cancer therapy: History and potential mechanism. Redox Biol. 2, 963-970. doi:
10.1016/j.redox.2014.08.002

Angum, F., Khan, T., Kaler, J., Siddiqui, L., and Hussain, A. (2020). The
prevalence of autoimmune disorders in women: A narrative review. Cureus
12:e8094.

Arsenault, D., St-Amour, I, Cisbani, G., Rousseau, L. S., and Cicchetti, S. (2014).
The different effects of LPS and poly I: C prenatal immune challenges on the
behavior, development and inflammatory responses in pregnant mice and their
offspring. Brain Behav. Immun. 38, 77-90. doi: 10.1016/j.bbi.2013.12.016

Ashino, N. G,, Saito, K. N., Souza, F. D., Nakutz, F. S., Roman, E. A., Velloso,
L. A, et al. (2012). Maternal high-fat feeding through pregnancy and lactation
predisposes mouse offspring to molecular insulin resistance and fatty liver. J. Nutr.
Biochem. 23, 341-348.

Auyeung, B., Baron-Cohen, S., Ashwin, E., Knickmeyer, R., Taylor, K., and
Hackett, G. (2009). Fetal testosterone and autistic traits. Br. J. Psychol. 100, 1-22.

Auyeung, B., Baron-Cohen, S., Chapman, E., Knickmeyer, R., Taylor, K., and
Hackett, G. (2006). Foetal testosterone and the child systemizing quotient. Eur. J.
Endocrinol. Suppl. 155, 123-130.

Ballal, K., Wilson, C. R., Harmancey, R., and Taegtmeyer, H. (2010). Obesogenic
high fat western diet induces oxidative stress and apoptosis in rat heart. Mol. Cell.
Biochem. 344, 221-230. doi: 10.1007/s11010-010-0546-y

Barnard, D. E,, Lewis, S. M., Teter, B. B., and Thigpen, J. E. (2009). Open- and
closed-formula laboratory animal diets and their importance to research. J. Am.
Assoc. Lab. Anim. Sci. 48, 709-713.

Baron-Cohen, S. (2002). The extreme male brain theory of autism. Trends Cogn.
Sci. 6,248-254.

Barzegar, M., Sajjadi, F. S., Talaei, S. A., Hamidi, G., and Salami, M. (2015).
Prenatal exposure to noise stress: Anxiety, impaired spatial memory, and
deteriorated hippocampal plasticity in postnatal life. Hippocampus 25, 187-196.
doi: 10.1002/hipo.22363

Bauman, M. D., and Van de Water, J. (2020). Translational opportunities in the
prenatal immune environment: Promises and limitations of the maternal immune
activation model. Neurobiol. Dis. 141:104864. doi: 10.1016/j.nbd.2020.104864

Bergdolt, L., and Dunaevsky, A. (2019). Brain changes in a maternal immune
activation model of neurodevelopmental brain disorders. Prog. Neurobiol. 175,
1-19. doi: 10.1016/j.pneurobio.2018.12.002

Bogoch, Y., Biala, Y. N,, Linial, M., and Weinstock, M. (2007). Anxiety induced
by prenatal stress is associated with suppression of hippocampal genes involved in
synaptic function. J. Neurochem. 101, 1018-1030. doi: 10.1111/j.1471-4159.2006.
04402.x

Boksa, P. (2010). Effects of prenatal infection on brain development and
behavior: A review of findings from animal models. Brain Behav. Immun. 24,
881-897.

Bordeleau, M., Lacabanne, C., de Cossio, L. F., Vernoux, N., Savage, J. C.,
Gonzélez-Ibanez, F., et al. (2020). Microglial and peripheral immune priming is
partially sexually dimorphic in adolescent mouse offspring exposed to maternal
high-fat diet. J. Neuroinflammation 17, 1-28. doi: 10.1186/s12974-020-01914-1

Bosch, O. J.,, Miisch, W., Bredewold, R., Slattery, D. A., and Neumann,
1. D. (2007). Prenatal stress increases HPA axis activity and impairs maternal
care in lactating female offspring: Implications for postpartum mood disorder.
Psychoneuroendocrinology 32, 267-278. doi: 10.1016/j.psyneuen.2006.12.012

Boulanger-Bertolus, J., Pancaro, C., and Mashour, G. A. (2018). Increasing role
of maternal immune activation in neurodevelopmental disorders. Front. Behav.
Neurosci. 12:230. doi: 10.3389/fnbeh.2018.00230

Braun, A., Carpentier, P., Babineau, B., Narayan, A., Kielhold, M., Moon, H.,
et al. (2019). Females are not just “Protected” Males: Sex-specific vulnerabilities

Frontiers in Neuroscience

20

10.3389/fnins.2022.1071976

in placenta and brain after prenatal immune disruption. Eneuro 6, ENEURO.358-
ENEURO.319.

Brown, A. S., and Derkits, E. J. (2010). Prenatal infection and schizophrenia: A
review of epidemiologic and translational studies. Am. J. Psychiatry 167, 261-280.

Brown, A. S., and Meyer, U. (2018). Maternal immune activation and
neuropsychiatric illness: A translational research perspective. Am. J. Psychiatry
175, 1073-1083. doi: 10.1176/appi.ajp.2018.17121311

Brown, N. M., and Setchell, K. D. R. (2001). Animal models impacted by
phytoestrogens in commercial chow: Implications for pathways influenced by
hormones. Lab. Investig. 81, 735-747. doi: 10.1038/labinvest.3780282

Bruce, K. D., Cagampang, F. R., Argenton, M., Zhang, J., Ethirajan, P. L., Burdge,
G. C, et al. (2009). Maternal high-fat feeding primes steatohepatitis in adult
mice offspring, involving mitochondrial dysfunction and altered lipogenesis gene
expression. Hepatology 50, 1796-1808. doi: 10.1002/hep.23205

Bruder-Nascimento, T., Ekeledo, O. J., Anderson, R., Le, H. B., and Belin de
Chantemele, E. J. (2017). Long term high fat diet treatment: An appropriate
approach to study the sex-specificity of the autonomic and cardiovascular
responses to obesity in mice. Front. Physiol. 8:32. doi: 10.3389/fphys.2017.00032

Brunton, P. J. (2013). Effects of maternal exposure to social stress during
pregnancy: Consequences for mother and offspring. Reproduction 146, R175-
R189.

Brunton, P. J., and Russell, J. A. (2010). Prenatal social stress in the rat
programmes neuroendocrine and behavioural responses to stress in the adult
offspring: Sex-specific effects. J. Neuroendocrinol. 22, 258-271. doi: 10.1111/j.
1365-2826.2010.01969.x

Butler-Struben, H. M., Kentner, A. C., and Trainor, B. C. (2022).
Whats wrong with my experiment?: The impact of hidden variables on
neuropsychopharmacology research. Neuropsychopharmacology 47, 1285-1291.
doi: 10.1038/s41386-022-01309- 1

Buu, N, Sa, F., and Schurr, E. (2000). The bcg host-resistance gene. Clin. Infect.
Dis. 31, 81-85.

Cabrera-Mulero, A., Tinahones, A., Bandera, B., Moreno-Indias, 1., Macias-
Gonzélez, M., and Tinahones, F. J. (2019). Keto microbiota: A powerful
contributor to host disease recovery. Rev. Endocr. Metab. Disord. 20, 415-425.
doi: 10.1007/s11154-019-09518-8

Calcia, M. A,, Bonsall, D. R., Bloomfield, P. S., Selvaraj, S., Barichello, T.,
and Howes, O. D. (2016). Stress and neuroinflammation: A systematic review
of the effects of stress on microglia and the implications for mental illness.
Psychopharmacology 233, 1637-1650. doi: 10.1007/s00213-016-4218-9

Careaga, M., Murai, T., and Bauman, M. D. (2017). Maternal immune activation
and autism spectrum disorder: From rodents to nonhuman and human primates.
Biol. Psychiatry 81, 391-401.

Careaga, M., Taylor, S., Chang, C., Chiang, A., Ku, K., Berman, R,, et al. (2018).
Variability in PolyIC induced immune response: Implications for preclinical
maternal immune activation models. J. Neuroimmunol. 323, 87-93. doi: 10.1016/].
jneuroim.2018.06.014

Carlezon, W. Jr., Kim, W., Missig, G., Finger, B., Landino, S., Alexander, A.,
etal. (2019). Maternal and early postnatal immune activation produce sex-specific
effects on autism-like behaviors and neuroimmune function in mice. Sci. Rep. 9,
1-18. doi: 10.1038/s41598-019-53294-z

Caulfield, C. D., Cassidy, J. P., and Kelly, J. P. (2008). Effects of gamma
irradiation and pasteurization on the nutritive composition of commercially
available animal diets. J. Am. Assoc. Lab. Anim. Sci. 47, 61-66.

Chaix, A., Deota, S., Bhardwaj, R., Lin, T., and Panda, S. (2021). Sex- and
age-dependent outcomes of 9-hour time-restricted feeding of a Western high-
fat high-sucrose diet in C57BL/6] mice. Cell Rep. 36:109543. doi: 10.1016/j.celrep.
2021.109543

Chamekh, M., and Casimir, G. (2019). Editorial: Sexual dimorphism of the
immune inflammatory response in infectious and non-infectious diseases. Front.
Immunol. 10:107. doi: 10.3389/fimmu.2019.00107

Chang, E., Hafner, H., Varghese, M., Griffin, C., Clemente, J., Islam, M., et al.
(2019). Programming effects of maternal and gestational obesity on offspring
metabolism and metabolic inflammation. Sci. Rep. 9, 1-15.

Chen, H. J., Antonson, A. M., Rajasekera, T. A., Patterson, J. M., Bailey,
M. T., and Gur, T. L. (2020). Prenatal stress causes intrauterine inflammation and
serotonergic dysfunction, and long-term behavioral deficits through microbe- and
CCL2-dependent mechanisms. Transl. Psychiatry 10:191. doi: 10.1038/s41398-
020-00876-5

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1016/j.biopsych.2010.09.022
https://doi.org/10.1016/j.biopsych.2010.09.022
https://doi.org/10.1002/bies.201900009
https://doi.org/10.1016/j.neures.2015.07.002
https://doi.org/10.1016/j.neures.2015.07.002
https://doi.org/10.1016/j.redox.2014.08.002
https://doi.org/10.1016/j.redox.2014.08.002
https://doi.org/10.1016/j.bbi.2013.12.016
https://doi.org/10.1007/s11010-010-0546-y
https://doi.org/10.1002/hipo.22363
https://doi.org/10.1016/j.nbd.2020.104864
https://doi.org/10.1016/j.pneurobio.2018.12.002
https://doi.org/10.1111/j.1471-4159.2006.04402.x
https://doi.org/10.1111/j.1471-4159.2006.04402.x
https://doi.org/10.1186/s12974-020-01914-1
https://doi.org/10.1016/j.psyneuen.2006.12.012
https://doi.org/10.3389/fnbeh.2018.00230
https://doi.org/10.1176/appi.ajp.2018.17121311
https://doi.org/10.1038/labinvest.3780282
https://doi.org/10.1002/hep.23205
https://doi.org/10.3389/fphys.2017.00032
https://doi.org/10.1111/j.1365-2826.2010.01969.x
https://doi.org/10.1111/j.1365-2826.2010.01969.x
https://doi.org/10.1038/s41386-022-01309-1
https://doi.org/10.1007/s11154-019-09518-8
https://doi.org/10.1007/s00213-016-4218-9
https://doi.org/10.1016/j.jneuroim.2018.06.014
https://doi.org/10.1016/j.jneuroim.2018.06.014
https://doi.org/10.1038/s41598-019-53294-z
https://doi.org/10.1016/j.celrep.2021.109543
https://doi.org/10.1016/j.celrep.2021.109543
https://doi.org/10.3389/fimmu.2019.00107
https://doi.org/10.1038/s41398-020-00876-5
https://doi.org/10.1038/s41398-020-00876-5
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

Chen, M., Daha, M. R,, and Kallenberg, C. G. M. (2010). The complement
system in systemic autoimmune disease. J. Autoimmun. 34, J276-J286.

Chen, Y. C, Chang, Y. W., and Huang, Y. S. (2019). Dysregulated translation
in neurodevelopmental disorders: An overview of autism-risk genes involved in
translation. Dev. Neurobiol. 79, 60-74. doi: 10.1002/dneu.22653

Cieslik, M., Gassowska-Dobrowolska, M., Jesko, H., Czapski, G. A,
Wilkaniec, A., Zawadzka, A., et al. (2020). Maternal immune activation induces
neuroinflammation and cortical synaptic deficits in the adolescent rat offspring.
Int. J. Mol. Sci. 21, 1-29. doi: 10.3390/ijms21114097

Cimafranca, M. A., Davila, J., Ekman, G. C., Andrews, R. N., Neese, S. L.,
Peretz, J., et al. (2010). Acute and chronic effects of oral genistein administration
in neonatal mice. Biol. Reprod. 83, 114-121. doi: 10.1095/biolreprod.109.08
0549

Coates, M. E,, Ford, J. E., Gregory, M. E., and Thompson, S. Y. (1969). Effects
of gamma-irradiation on the vitamin content of diets for laboratory animals. Lab.
Anim. 3, 39-49.

Coiro, P., and Pollak, D. D. (2019). Sex and gender bias in the experimental
neurosciences: The case of the maternal immune activation model. Transl.
Psychiatry 9:90. doi: 10.1038/s41398-019-0423-8

Collins, T. F. X., Hinton, D. M., Welsh, J. J., and Black, T. N. (1992). Evaluation
of heat sterilization of commercial rat diets for use in fda toxicological studies.
Toxicol. Ind. Health 8, 9-20. doi: 10.1177/074823379200800102

Cornwell, T., Cohick, W., and Raskin, I. (2004). Dietary phytoestrogens and
health. Phytochemistry 65, 995-1016.

Corrigan, J. K., Ramachandran, D., He, Y., Palmer, C. J., Jurczak, M. J., Chen, R,,
et al. (2020). A big-data approach to understanding metabolic rate and response
to obesity in laboratory mice. Elife 9, 1-34. doi: 10.7554/eLife.53560

Degen, G., Janning, P., Diel, P., Michna, H., and Bolt, H. (2002). Transplacental
transfer of the phytoestrogen daidzein in DA/Han rats. Arch. Toxicol. 76, 23-29.
doi: 10.1007/s00204-001-0305-7

Depino, A. M. (2015). Early prenatal exposure to LPS results in anxiety- and
depression-related behaviors in adulthood. Neuroscience 299, 56-65. doi: 10.1016/
j.neuroscience.2015.04.065

Dixon, R. A. (2004). Phytoestrogens. Annu. Rev. Plant Biol. 55, 225-261.

Doerge, D. R, Churchwell, M. I, Chang, H. C., Newbold, R. R., and Delclos,
K. B. (2001). Placental transfer of the soy isoflavone genistein following dietary
and gavage administration to Sprague Dawley rats. Reprod. Toxicol. 15, 105-110.
doi: 10.1016/s0890-6238(01)00108-3

Driscoll, A. K., and Gregory, E. C. W. (2020). Increases in prepregnancy obesity:
United States, 2016-2019. NCHS Data Brief 392, 1-8.

Ellsworth, L., Harman, E., Padmanabhan, V., and Gregg, B. (2018). Lactational
programming of glucose homeostasis: A window of opportunity. Reproduction
156, 23-42. doi: 10.1530/REP-17-0780

Estes, M. L., and McAllister, A. K. (2016). Maternal immune activation:
Implications for neuropsychiatric disorders. Science 353, 772-777.

Fernandes, D. J., Spring, S., Roy, A. R, Qiu, L. R, Yee, Y., Nieman, B. J,
et al. (2021). Exposure to maternal high-fat diet induces extensive changes in
the brain of adult offspring. Transl. Psychiatry 11, 1-9. doi: 10.1038/s41398-021-0
1274-1

Ford, D. J. (1977). Effect of autoclaving and physical structure of diets on their
utilization by mice. Lab. Anim. 11, 235-239. doi: 10.1258/002367777780936558

Friedman, M. (2003). Chemistry, biochemistry, and safety of acrylamide.
A review. J. Agric. Food Chem. 51, 4504-4526.

Fujita, S., Ueki, S., Miyoshi, M., and Watanabe, T. (2010). ‘Green odor’
inhalation by stressed rat dams reduces behavioral and neuroendocrine signs of
prenatal stress in the offspring. Horm. Behav. 58, 264-272. doi: 10.1016/j.yhbeh.
2010.03.007

Furman, D., Campisi, J., Verdin, E., Carrera-Bastos, P., Targ, S., Franceschi, C.,
et al. (2019). Chronic inflammation in the etiology of disease across the life span.
Nat. Med. 25, 1822-1832.

Galic, S., Oakhill, J. S., and Steinberg, G. R. (2010). Adipose tissue as an
endocrine organ. Mol. Cell. Endocrinol. 316, 129-139.

Gal-Oz, S., Maier, B., Yoshida, H., Seddu, K., Elbaz, N., Czysz, C.,, et al. (2019).
ImmGen report: Sexual dimorphism in the immune system transcriptome. Nat.
Commun. 10:4295. doi: 10.1038/s41467-019-12348-6

Garay, P. A, Hsiao, E. Y., Patterson, P. H., and McAllister, A. K. (2013).
Maternal immune activation causes age- and region-specific changes in brain
cytokines in offspring throughout development. Brain Behav. Immun. 31, 54-68.
doi: 10.1016/j.bbi.2012.07.008

Frontiers in Neuroscience

10.3389/fnins.2022.1071976

Garay, P. A,, and McAllister, A. K. (2010). Novel roles for immune molecules
in neural development: Implications for neurodevelopmental disorders. Front.
Synaptic Neurosci. 2:136. doi: 10.3389/fnsyn.2010.00136

Garcia-Bueno, B., Caso, J. R, and Leza, J. C. (2008). Stress as a
neuroinflammatory condition in brain: Damaging and protective mechanisms.
Neurosci. Biobehav. Rev. 32,1136-1151.

Ge, Z., Liang, Q., Hou, Y., Han, Z., Schatten, H., Sun, Q,, et al. (2014). Maternal
obesity and diabetes may cause DNA methylation alteration in the spermatozoa of
offspring in mice. Reprod. Biol. Endocrinol. 12,1-8. doi: 10.1186/1477-7827-12-29

Giovanoli, S., Notter, T., Richetto, J., Labouesse, M., Vuillermot, S., Riva, M.,
et al. (2015). Late prenatal immune activation causes hippocampal deficits in the
absence of persistent inflammation across aging. J. Neuroinflammation 12, 1-18.
doi: 10.1186/512974-015-0437-y

Glazier, M. G., and Bowman, M. A. (2001). A review of the evidence for the use
of phytoestrogens as a replacement for traditional estrogen replacement therapy.
Arch. Intern. Med. 161, 1161-1172.

Grove, K. L., Fried, S. K., Greenberg, A. S., Xiao, X. Q,, and Clegg, D. J.
(2010). A microarray analysis of sexual dimorphism of adipose tissues in high-
fat-diet-induced obese mice. Int. J. Obes. 34, 989-1000. doi: 10.1038/ij0.20
10.12

Gueders, M. M., Paulissen, G., Crahay, C., Quesada-Calvo, F., Hacha, J.,
Hove, C. V., et al. (2009). Mouse models of asthma: A comparison between
C57BL/6 and BALB/c strains regarding bronchial responsiveness, inflammation,
and cytokine production. Inflamm. Res. 58, 845-854. doi: 10.1007/s00011-009-
0054-2

Haida, O., Al Sagheer, T., Balbous, A., Francheteau, M., Matas, E., Soria, F.,
et al. (2019). Sex-dependent behavioral deficits and neuropathology in a maternal
immune activation model of autism. Transl. Psychiatry 9:124. doi: 10.1038/s41398-
019-0457-y

Hammer, C. T., and Wills, E. D. (1979). The effect of ionizing radiation on
the fatty acid composition of natural fats and on lipid peroxide formation. Int.
J. Radiat. Biol. 35, 323-332. doi: 10.1080/09553007914550391

Han, V. X,, Patel, S., Jones, H. F., and Dale, R. C. (2021a). Maternal immune
activation and neuroinflammation in human neurodevelopmental disorders. Nat.
Rev. Neurol. 17, 564-579.

Han, V. X,, Patel, S., Jones, H., Nielsen, T. C., Mohammad, S. S., Hofer,
M. J,, et al. (2021b). Maternal acute and chronic inflammation in pregnancy
is associated with common neurodevelopmental disorders: A systematic review.
Transl. Psychiatry 11:71.

Hanamsagar, R., and Bilbo, S. D. (2016). Sex differences in neurodevelopmental
and neurodegenerative disorders: Focus on microglial function and
neuroinflammation during development. J. Steroid Biochem. Mol. Biol. 160,
127-133. doi: 10.1038/s41398-021-01198-w

Harrell, C. R,, Djonov, V., Fellabaum, C., and Volarevic, V. (2018). Risks of using
sterilization by gamma radiation: The other side of the coin. Int. J. Med. Sci. 15,
274-279. doi: 10.7150/ijms.22644

Hartil, K., Vuguin, P. M., Kruse, M., Schmuel, E., Fiallo, A., Vargas, C., et al.
(2009). Maternal substrate utilization programs the development of the metabolic
syndrome in male mice exposed to high fat in utero. Pediatr. Res. 66, 368-373.
doi: 10.1203/PDR.0b013e3181b33375

Harvey, L., and Boksa, P. (2012b). Prenatal and postnatal animal models of
immune activation: Relevance to a range of neurodevelopmental disorders. Dev.
Neurobiol. 72, 1335-1348. doi: 10.1002/dneu.22043

Harvey, L., and Boksa, P. (2012a). A stereological comparison of GAD67
and reelin expression in the hippocampal stratum oriens of offspring from two
mouse models of maternal inflammation during pregnancy. Neuropharmacology
62, 1767-1776.

Harvill, E. T., Lee, G., Grippe, V. K., and Merkel, T. J. (2005). Complement
depletion renders C57BL/6 mice sensitive to the Bacillus anthracis sterne
strain. Infect. Immun. 73, 4420-4422. doi: 10.1016/j.neuropharm.2011.
11.022

Henry, C., Kabbaj, M., Simon, H., Le Moal, M., and Maccari, S. (1994). Prenatal
stress increases the hypothalamo-pituitary-adrenal axis response in young and
adult rats. J. Neuroendocrinol. 6, 341-345. doi: 10.1111/j.1365-2826.1994.tb0
0591.x

Hess, J. L., Denenberg, V. H., Zarrow, M. X,, and Pfeifer, W. D. (1969).
Modification of the corticosterone response curve as a function of handling in
infancy. Physiol. Behav. 4,109-111.

Hintze, K. J., Benninghoff, A. D., and Ward, R. E. (2012). Formulation of the
Total Western Diet (TWD) as a basal diet for rodent cancer studies. J. Agric. Food
Chem. 60, 6736-6742.

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1002/dneu.22653
https://doi.org/10.3390/ijms21114097
https://doi.org/10.1095/biolreprod.109.080549
https://doi.org/10.1095/biolreprod.109.080549
https://doi.org/10.1038/s41398-019-0423-8
https://doi.org/10.1177/074823379200800102
https://doi.org/10.7554/eLife.53560
https://doi.org/10.1007/s00204-001-0305-7
https://doi.org/10.1016/j.neuroscience.2015.04.065
https://doi.org/10.1016/j.neuroscience.2015.04.065
https://doi.org/10.1016/s0890-6238(01)00108-3
https://doi.org/10.1530/REP-17-0780
https://doi.org/10.1038/s41398-021-01274-1
https://doi.org/10.1038/s41398-021-01274-1
https://doi.org/10.1258/002367777780936558
https://doi.org/10.1016/j.yhbeh.2010.03.007
https://doi.org/10.1016/j.yhbeh.2010.03.007
https://doi.org/10.1038/s41467-019-12348-6
https://doi.org/10.1016/j.bbi.2012.07.008
https://doi.org/10.3389/fnsyn.2010.00136
https://doi.org/10.1186/1477-7827-12-29
https://doi.org/10.1186/s12974-015-0437-y
https://doi.org/10.1038/ijo.2010.12
https://doi.org/10.1038/ijo.2010.12
https://doi.org/10.1007/s00011-009-0054-2
https://doi.org/10.1007/s00011-009-0054-2
https://doi.org/10.1038/s41398-019-0457-y
https://doi.org/10.1038/s41398-019-0457-y
https://doi.org/10.1080/09553007914550391
https://doi.org/10.1038/s41398-021-01198-w
https://doi.org/10.7150/ijms.22644
https://doi.org/10.1203/PDR.0b013e3181b33375
https://doi.org/10.1002/dneu.22043
https://doi.org/10.1016/j.neuropharm.2011.11.022
https://doi.org/10.1016/j.neuropharm.2011.11.022
https://doi.org/10.1111/j.1365-2826.1994.tb00591.x
https://doi.org/10.1111/j.1365-2826.1994.tb00591.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

Hirschfeld, M., Ma, Y., Weis, J. H., Vogel, S. N., and Weis, J. J. (2000).
Cutting edge: Repurification of lipopolysaccharide eliminates signaling through
both human and murine toll-like receptor 2. J. Immunol. 165, 618-622. doi:
10.4049/jimmunol.165.2.618

Hofer, M. J., and Campbell, I. L. (2016). Immunoinflammatory diseases of the
central nervous system - The tale of two cytokines. Br. J. Pharmacol. 173, 716-728.
doi: 10.1111/bph.13175

Hove, D. L., Leibold, N. K., Strackx, E., Martinez-Claros, M., Lesch, K. P.,
Steinbusch, H. W, et al. (2014). Prenatal stress and subsequent exposure to
chronic mild stress in rats; interdependent effects on emotional behavior and
the serotonergic system. Eur. Neuropsychopharmacol. 24, 595-607. doi: 10.1016/
j.euroneuro.2013.09.006

Huang, Q., Zhou, Y., and Liu, L. Y. (2017). Effect of post-weaning isolation
on anxiety- and depressive-like behaviors of C57BL/6] mice. Exp. Brain Res. 235,
2893-2899. doi: 10.1007/s00221-017-5021-5

Jacobsen, H., Walendy-Gnir83, K., Tekin-Bubenheim, N., Kouassi, N. M., Ben-
Batalla, I, Berenbrok, N., et al. (2021). Offspring born to influenza A virus infected
pregnant mice have increased susceptibility to viral and bacterial infections in early
life. Nat. Commun. 12:4957. doi: 10.1038/s41467-021-25220-3

Jacquemont, S., Coe, B. P., Hersch, M., Duyzend, M. H., Krumm, N., Bergmann,
S., et al. (2014). A higher mutational burden in females supports a ‘female
protective model’ in neurodevelopmental disorders. Am. J. Hum. Genet. 94,
415-425.

Jaillon, S., Berthenet, K., and Garlanda, C. (2019). Sexual dimorphism in innate
immunity. Clin. Rev. Allergy Immunol. 56, 308-321.

Jefferson, W. N., Padilla-Banks, E., and Newbold, R. R. (2007). Disruption of
the developing female reproductive system by phytoestrogens: Genistein as an
example. Mol. Nutr. Food Res. 51, 832-844.

Jensen, M. N., and Ritskes-Hoitinga, M. (2007). How isoflavone levels in
common rodent diets can interfere with the value of animal models and with
experimental results. Lab. Anim. 41, 1-18. doi: 10.1258/002367707779399428

Kalish, B. T., Kim, E., Finander, B., Duffy, E. E., Kim, H., Gilman, C. K,, et al.
(2021). Maternal immune activation in mice disrupts proteostasis in the fetal
brain. Nat. Neurosci. 24, 204-213. doi: 10.1038/s41593-020-00762-9

Kato, H., Takeuchi, O., Mikamo-Satoh, E., Hirai, R., Kawai, T., Matsushita, K.,
et al. (2008). Length-dependent recognition of double-stranded ribonucleic acids
by retinoic acid-inducible gene-I and melanoma differentiation-associated gene 5.
J. Exp. Med. 205, 1601-1610. doi: 10.1084/jem.20080091

Kentner, A., Bilbo, S., Brown, A., Hsiao, E., McAllister, A., Meyer, U,, et al.
(2019). Maternal immune activation: Reporting guidelines to improve the rigor,
reproducibility, and transparency of the model. Neuropsychopharmacology 44,
245-258. doi: 10.1038/541386-018-0185-7

Kilcast, D. (1994). Effect of irradiation on vitamins. Food Chem. 49, 157-164.

Kim, J. Y., Son, M. J.,, Son, C. Y., Radua, J., Eisenhut, M., Gressier, F., et al.
(2019). Environmental risk factors and biomarkers for autism spectrum disorder:
An umbrella review of the evidence. Lancet Psychiatry 6, 590-600.

Kim, S., Kim, H., Yim, Y., Ha, S., Atarashi, K., and Tan, T. (2017). Maternal gut
bacteria promote neurodevelopmental abnormalities in mouse offspring. Nature
549, 528-532.

Kim, S. H., and Park, M. J. (2012). Effects of phytoestrogen on sexual
development. Korean J. Pediatr. 55, 265-271.

Kinsley, C., and Svare, B. (1986). Prenatal Stress Effects?: Are They Mediated
by Reductions in Maternal Food and Water Intake and Body Weight Gain?.
Physiology 37, 191-193. doi: 10.1016/0031-9384(86)90405-1

Kirk, S., Samuelsson, A., Argenton, M., Dhonye, H., Kalamatianos, T., Poston,
L., et al. (2009). Maternal obesity induced by diet in rats permanently influences
central processes regulating food intake in offspring. PLoS One 4:¢5870. doi: 10.
1371/journal.pone.0005870

Klein, S. L., and Flanagan, K. L. (2016). Sex differences in immune responses.
Nat. Rev. Immunol. 16, 626-638.

Knuesel, I, Chicha, L., Britschgi, M., Schobel, S. A., Bodmer, M., Hellings, J. A.,
etal. (2014). Maternal immune activation and abnormal brain development across
CNS disorders. Nat. Rev. Neurol. 10, 643-660. doi: 10.1038/nrneurol.2014.187

Koert, A., Ploeger, A., Bockting, C. L., Schmidt, M. V., Lucassen, P. J., Schrantee,
A, et al. (2021). The social instability stress paradigm in rat and mouse: A
systematic review of protocols, limitations, and recommendations. Neurobiol.
Stress 15:100410. doi: 10.1016/j.ynstr.2021.100410

Kozul, C. D., Nomikos, A. P., Hampton, T. H., Warnke, L. A., Gosse, J. A.,
Davey, J. C,, et al. (2008). Laboratory diet profoundly alters gene expression and
confounds genomic analysis in mouse liver and lung. Chem. Biol. Interact. 173,
129-140. doi: 10.1016/j.cbi.2008.02.008

Frontiers in Neuroscience

22

10.3389/fnins.2022.1071976

Kreitz, S., Zambon, A. Ronovsky, M. Budinsky, L., Helbich, T. H,

Sideromenos, S., et al. (2020). Maternal immune activation during
pregnancy impacts on brain structure and function in the adult
offspring.  Brain. Behav. Immun. 83, 56-57. doi: 10.1016/j.bbi.2019.
09.011

Kumari, A., Singh, P., Baghel, M. S., and Thakur, M. K. (2016). Social isolation
mediated anxiety like behavior is associated with enhanced expression and
regulation of BDNF in the female mouse brain. Physiol. Behav. 158, 34-42. doi:
10.1016/j.physbeh.2016.02.032

Kurtz, D. M., Glascoe, R., Caviness, G., Locklear, J., Whiteside, T., Ward, T.,
et al. (2018). Acrylamide production in autoclaved rodent feed. J. Am. Assoc. Lab.
Anim. Sci. 57,703-711.

Kwon, J., Suessmilch, M., McColl, A., Cavanagh, J., and Morris, B. J. (2021).
Distinct trans-placental effects of maternal immune activation by TLR3 and TLR7
agonists: Implications for schizophrenia risk. Sci. Rep. 11, 1-12. doi: 10.1038/
541598-021-03216-9

Lam, Y. Y., and Ravussin, E. (2017). Indirect calorimetry: An indispensable tool
to understand and predict obesity. Eur. J. Clin. Nutr. 71, 318-322. doi: 10.1038/
€jcn.2016.220

Lammert, C., Frost, E., Bolte, A., Paysour, M., Shaw, M., Bellinger, C., et al.
(2018). Cutting edge: Critical roles for microbiota-mediated regulation of the
immune system in a prenatal immune activation model of autism. J. Immunol.
201, 845-850. doi: 10.4049/jimmunol.1701755

Lee, H,, Lee, S. L, and Choue, R. (2013). Obesity, inflammation and diet. Pediatr.
Gastroenterol. Hepatol. Nutr. 16, 143-152.

Lemaire, V., Lamarque, S., Le Moal, M., Piazza, P. V., and Abrous, D. N. (2006).
Postnatal stimulation of the pups counteracts prenatal stress-induced deficits in
hippocampal neurogenesis. Biol. Psychiatry 59, 786-792. doi: 10.1016/j.biopsych.
2005.11.009

Lephart, E. D., West, T. W., Weber, K. S., Rhees, R. W., Setchell,
K. D., Adlercreutz, H., et al. (2002). Neurobehavioral effects of dietary soy
phytoestrogens. Neurotoxicol. Teratol. 24, 5-16.

Levine, S. (1956). A further study of infantile handling and adult avoidance
learning. J. Pers. 25, 70-80.

Levine, S. (2002). Enduring effects of early experience on adult behavior. Horm.
Brain Behav. 4, 535-542.

Levine, S., Haltmeyer, G. C., Karas, G. G., and Denenberg, V. H. (1967).
Physiological and behavioral effects of infantile stimulation. Physiol. Behav. 2,
55-59.

Ley, K. (2017). M1 Means Kill; M2 Means Heal. J. Immunol. 199, 2191-2193.
doi: 10.4049/jimmunol.1701135

Li, J., Wu, H,, Liu, Y., and Yang, L. (2020). High fat diet induced obesity model
using four strains of mice: Kunming, c¢57bl/6, balb/c and icr. Exp. Anim. 69,
326-335. doi: 10.1538/expanim.19-0148

Libert, C., Dejager, L., and Pinheiro, I. (2010). The X chromosome in immune
functions: When a chromosome makes the difference. Nat. Rev. Immunol. 10,
594-604.

Lipina, T. V., Zai, C., Hlousek, D., Roder, J. C., and Wong, A. H. C. (2013).
Maternal immune activation during gestation interacts with Discl point mutation
to exacerbate schizophrenia-related behaviors in mice. J. Neurosci. 33, 7654-7666.
doi: 10.1523/J]NEUROSCI.0091-13.2013

Lippert, R. N., Hess, S., Klemm, P., Burgeno, L. M., Jahans-Price, T., Walton,
M. E, et al. (2020). Maternal high-fat diet during lactation reprograms the
dopaminergic circuitry in mice. J. Clin. Invest. 130, 3761-3776. doi: 10.1172/
JCI134412

Liu, D., Caldji, C., Sharma, S., Plotskyt, P. M., and Meaney, M. J. (2000).
Influence of neonatal rearing conditions on stress-induced adrenocorticotropin
responses and norepinepherine release in the hypothalamic paraventricular
nucleus. J. Neuroendocrinol. 12, 5-12. doi: 10.1046/j.1365-2826.2000.0
0422.x

Liu, Y. Z., Wang, Y. X,, and Jiang, C. L. (2017). Inflammation: The common
pathway of stress-related diseases. Front. Hum. Neurosci. 11:316. doi: 10.3389/
fnhum.2017.00316

Lombardo, M. V., Moon, H. M., Su, J., Palmer, T. D., Courchesne, E., and
Pramparo, T. (2018). Maternal immune activation dysregulation of the fetal brain
transcriptome and relevance to the pathophysiology of autism spectrum disorder.
Mol. Psychiatry 23, 1001-1013. doi: 10.1038/mp.2017.15

Lord, C., Brugha, T., Charman, T., Cusack, J., Dumas, G., Frazier, T, et al.
(2020). Autism spectrum disorder. Nat. Rev. Dis. Prim. 6:5.

Losol, P., Mercken, L. P., Fisk, H. L., Calder, P. C., Holloway, J. W., and
Torrens, C. (2021). Maternal high-fat diet in mice alters immune regulation

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.4049/jimmunol.165.2.618
https://doi.org/10.4049/jimmunol.165.2.618
https://doi.org/10.1111/bph.13175
https://doi.org/10.1016/j.euroneuro.2013.09.006
https://doi.org/10.1016/j.euroneuro.2013.09.006
https://doi.org/10.1007/s00221-017-5021-5
https://doi.org/10.1038/s41467-021-25220-3
https://doi.org/10.1258/002367707779399428
https://doi.org/10.1038/s41593-020-00762-9
https://doi.org/10.1084/jem.20080091
https://doi.org/10.1038/s41386-018-0185-7
https://doi.org/10.1016/0031-9384(86)90405-1
https://doi.org/10.1371/journal.pone.0005870
https://doi.org/10.1371/journal.pone.0005870
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1016/j.ynstr.2021.100410
https://doi.org/10.1016/j.cbi.2008.02.008
https://doi.org/10.1016/j.bbi.2019.09.011
https://doi.org/10.1016/j.bbi.2019.09.011
https://doi.org/10.1016/j.physbeh.2016.02.032
https://doi.org/10.1016/j.physbeh.2016.02.032
https://doi.org/10.1038/s41598-021-03216-9
https://doi.org/10.1038/s41598-021-03216-9
https://doi.org/10.1038/ejcn.2016.220
https://doi.org/10.1038/ejcn.2016.220
https://doi.org/10.4049/jimmunol.1701755
https://doi.org/10.1016/j.biopsych.2005.11.009
https://doi.org/10.1016/j.biopsych.2005.11.009
https://doi.org/10.4049/jimmunol.1701135
https://doi.org/10.1538/expanim.19-0148
https://doi.org/10.1523/JNEUROSCI.0091-13.2013
https://doi.org/10.1172/JCI134412
https://doi.org/10.1172/JCI134412
https://doi.org/10.1046/j.1365-2826.2000.00422.x
https://doi.org/10.1046/j.1365-2826.2000.00422.x
https://doi.org/10.3389/fnhum.2017.00316
https://doi.org/10.3389/fnhum.2017.00316
https://doi.org/10.1038/mp.2017.15
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

and lung function in the offspring. Br. J. Nutr. 126, 844-852. doi: 10.1017/
$0007114520004742

Lumey, L. H. (1992). Decreased birthweights in infants after maternal in utero
exposure to the Dutch famine of 1944-1945. Paediatr. Perinat. Epidemiol. 6,
240-253. doi: 10.1111/j.1365-3016.1992.tb00764.x

Lumey, L. H., Ravelli A. C. J., Wiessing, L. G., Koppe, J. G., Treffers,
P. E, and Stein, Z. A. (1993). The Dutch famine birth cohort study: Design,
validation of exposure, and selected characteristics of subjects after 43 years follow-
up. Paediatr. Perinat. Epidemiol. 7, 354-367. doi: 10.1111/j.1365-3016.1993.tb0
0415.x

Markham, J. A, Taylor, A. R, Taylor, S. B., Bell, D. B., and Koenig, J. I. (2010).
Characterization of the cognitive impairments induced by prenatal exposure to
stress in the rat. Front. Behav. Neurosci. 4:173. doi: 10.3389/fnbeh.2010.00173

Martin, A. L., and Brown, R. E. (2010). The lonely mouse: Verification of a
separation-induced model of depression in female mice. Behav. Brain Res. 207,
196-207. doi: 10.1016/j.bbr.2009.10.006

May, T., Adesina, I., McGillivray, J., and Rinehart, N. J. (2019). Sex differences
in neurodevelopmental disorders. Curr. Opin. Neurol. 32, 622-626.

McAleer, J. P., and Vella, A. T. (2010). Educating CD4 T cells with vaccine
adjuvants: Lessons from lipopolysaccharide. Trends Immunol. 31, 429-435. doi:
10.1016/j.it.2010.08.005

McCormick, C. M., and Green, M. R. (2013). From the stressed adolescent to
the anxious and depressed adult: Investigations in rodent models. Neuroscience
249, 242-257. doi: 10.1016/j.neuroscience.2012.08.063

Meaney, M. J., and Aitken, D. H. (1985). The effects of early postnatal
handling on hippocampal glucocorticoid receptor concentrations: Temporal
parameters. Dev. Brain Res. 22, 301-304. doi: 10.1016/0165-3806(85)90
183-x

Meaney, M. J., Aitken, D. H., Bodnoff, S. R, Iny, L. J,, and Sapolsky,
R. M. (1985a). The effects of postnatal handling on the development of
the glucocorticoid receptor systems and stress recovery in the rat. Prog.
Neuropsychopharmacol. Biol. Psychiatry 9, 731-734. doi: 10.1016/0278-5846(85)
90050-8

Meaney, M. J., Aitken, D. H.,, Bodnoff, S. R., Iny, L. J., Tatarewicz, J. E., and
Sapolsky, R. M. (1985b). Early postnatal handling alters glucocorticoid receptor
concentrations in selected brain regions. Behav. Neurosci. 99, 765-770.

Meaney, M. J., Aitken, D. H., Van Berkel, C., Bhatnagar, S., and Sapolsky, R. M.
(1988). Effect of neonatal handling on age-related impairments associated with the
hippocampus. Science 239, 766-768. doi: 10.1126/science.3340858

Meaney, M. J., Aitken, D. H., Viau, V., Sharma, S. and Sarrieau,

A. (1989). Neonatal handling alters adrenocortical negative feedback
sensitivity and hippocampal type II glucocorticoid receptor binding
in the rat. Neuroendocrinology 50, 597-604. doi: 10.1159/00012
5287

Meerlo, P., Horvath, K. M., Nagy, G. M., Bohus, B., and Koolhaas, J. M. (1999).
The influence of postnatal handling on adult neuroendocrine and behavioural
stress reactivity. J. Neuroendocrinol. 11, 925-933. doi: 10.1046/j.1365-2826.1999.
00409.x

Merikangas, A. K., and Almasy, L. (2020). Using the tools of genetic
epidemiology to understand sex differences in neuropsychiatric disorders. Genes
Brain Behav. 19, 1-16. doi: 10.1111/gbb.12660

Mesnage, R., Defarge, N., Rocque, L. M., De Vendémois, J. S., and Séralini,
G. E. (2015). Laboratory rodent diets contain toxic levels of environmental
contaminants: Implications for regulatory tests. PLoS One 10:e0135542. doi: 10.
1371/journal.pone.0135542

Messina, M., Ho, S., and Alekel, D. L. (2004). Skeletal benefits of soy isoflavones:
A review of the clinical trial and epidemiologic data. Curr. Opin. Clin. Nutr. Metab.
Care 7, 649-658. doi: 10.1097/00075197-200411000-00010

Meyer, U. (2014). Prenatal Poly(I:C) exposure and other developmental
immune activation models in rodent systems. Biol. Psychiatry 75, 307-315.

Meyer, U., and Feldon, J. (2012). To poly(I:C) or not to poly(I:C): Advancing
preclinical schizophrenia research through the use of prenatal immune activation
models. Neuropharmacology 62, 1308-1321. doi: 10.1016/j.neuropharm.2011.01.
009

Meyer, U., Nyffeler, M., Engler, A., Urwyler, A., Schedlowski, M., Knuesel, L,
et al. (2006). The time of prenatal immune challenge determines the specificity
of inflammation-mediated brain and behavioral pathology. J. Neurosci. 26, 4752
4762. doi: 10.1523/JNEUROSCI.0099-06.2006

Meyer, U., Nyffeler, M., and Yee, B. K., Knuesel, I, and Feldon, J. (2008).
Adult brain and behavioral pathological markers of prenatal immune challenge
during early/middle and late fetal development in mice. Brain Behav. Immun. 22,
469-486.

Frontiers in Neuroscience

23

10.3389/fnins.2022.1071976

Mian, M. F., Ahmed, A. N., Rad, M., Babaian, A., Bowdish, D., and Ashkar,
A. A.(2013). Length of dsRNA (poly I:C) drives distinct innate immune responses,
depending on the cell type. J. Leukoc. Biol. 94,1025-1036. doi: 10.1189/j1b.0312125

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J., and Hill, A. M. (2000).
M-1/M-2 Macrophages and the Th1/Th2 Paradigm. J. Immunol. 164, 6166-6173.

Missig, G., Robbins, J. O., Mokler, E. L., McCullough, K. M., Bilbo, S. D.,
McDougle, C. J., et al. (2020). Sex-dependent neurobiological features of prenatal
immune activation via TLR7. Mol. Psychiatry 25, 2330-2341.

Montgomery, M. K., Hallahan, N. L., Brown, S. H., Liu, M., Mitchell, T. W.,
Cooney, G. J., et al. (2013). Mouse strain-dependent variation in obesity and
glucose homeostasis in response to high-fat feeding. Diabetologia 56, 1129-1139.
doi: 10.1007/s00125-013-2846-8

Mottram, D. S., Wedzicha, B. L., and Dodson, A. T. (2002). Food chemistry:
Acrylamide is formed in the Maillard reaction. Nature 419, 448-449.

Mueller, F., Richetto, J., Hayes, L., Zambon, A., Pollak, D., Sawa, A., et al.
(2019). Influence of poly(I:C) variability on thermoregulation, immune responses
and pregnancy outcomes in mouse models of maternal immune activation. Brain
Behav. Immun. 80, 406-418. doi: 10.1016/j.bbi.2019.04.019

Mueller, F. S., Polesel, M., Richetto, J., Meyer, U., and Weber-Stadlbauer, U.
(2018). Mouse models of maternal immune activation: Mind your caging system!.
Brain Behav. Immun. 73, 643-660. doi: 10.1016/j.bbi.2018.07.014

Mueller, F. S., Scarborough, J., Schalbetter, S. M., Richetto, J., Kim, E., Couch, A.,
et al. (2021). Behavioral, neuroanatomical, and molecular correlates of resilience
and susceptibility to maternal immune activation. Mol. Psychiatry 26, 396-410.
doi: 10.1038/s41380-020-00952-8

Mumtaz, F., Khan, M. L, Zubair, M., and Dehpour, A. R. (2018). Neurobiology
and consequences of social isolation stress in animal model—A comprehensive
review. Biomed. Pharmacother. 105,1205-1222. doi: 10.1016/j.biopha.2018.05.086

Murabayashi, N., Sugiyama, T., Zhang, L., Kamimoto, Y., Umekawa, T., Ma, N,
etal. (2013). Maternal high-fat diets cause insulin resistance through inflammatory
changes in fetal adipose tissue. Eur. J. Obstet. Gynecol. Reprod. Biol. 169, 39-44.

Nahrendorf, M., and Swirski, F. K. (2016). Abandoning M1/M2 for a
Network Model of Macrophage Function. Circ. Res. 119, 414-417. doi: 10.1161/
CIRCRESAHA.116.309194

Nilsson, C., Raun, K., Yan, F. F., Larsen, M. O., and Tang-Christensen, M. (2012).
Laboratory animals as surrogate models of human obesity. Acta Pharmacol. Sin.
33,173-181.

Odum, J., Tinwell, H., Jones, K., Van Miller, J. P., Joiner, R. L., Tobin, G., et al.
(2001). Effect of rodent diets on the sexual development of the rat. Toxicol. Sci. 61,
115-127.

Oliveira-Nascimento, L., Massari, P., and Wetzler, L. M. (2012). The role of
TLR2 ininfection and immunity. Front. Immunol. 3:79. doi: 10.3389/fimmu.2012.
00079

Orikasa, C., Nagaoka, K., Katsumata, H., Sato, M., Kondo, Y., Minami, S., et al.
(2015). Social isolation prompts maternal behavior in sexually naive male ddN
mice. Physiol. Behav. 151, 9-15. doi: 10.1016/j.physbeh.2015.07.007

Ozcelik, T. (2008). X chromosome inactivation and female predisposition to
autoimmunity. Clin. Rev. Allergy Immunol. 34, 348-351.

Painter, R. C., Roseboom, T. J., and Bleker, O. P. (2005). Prenatal exposure to the
Dutch famine and disease in later life: An overview. Reprod. Toxicol. 20, 345-352.

Palacios-Garcia, I, Lara-Vasquez, A., Montiel, J. F., Diaz-Véliz, G. F., Sepulveda,
H., Utreras, E., et al. (2015). Prenatal stress down-regulates reelin expression by
methylation of its promoter and induces adult behavioral impairments in rats.
PLoS One 10:€0117680. doi: 10.1371/journal.pone.0117680

Parfitt, D. B., Levin, J. K,, Saltstein, K. P., Klayman, A. S., Greer, L. M., and
Helmreich, D. L. (2004). Differential early rearing environments can accentuate or
attenuate the responses to stress in male C57BL/6 mice. Brain Res. 1016, 111-118.

Parusel, R., Steimle, A., Lange, A., Schifer, A., Maerz, J., Bender, A,, et al.
(2017). An important question: Which LPS do you use?. Virulence 8, 1890-1893.
doi: 10.1080/21505594.2017.1361100

Patterson, P. H. (2009). Immune involvement in schizophrenia and autism:
Etiology, pathology and animal models. Behav. Brain Res. 204, 313-321.

Pellizzon, M. A., and Ricci, M. R. (2018). Effects of rodent diet choice and fiber
type on data interpretation of gut microbiome and metabolic disease research.
Curr. Protoc. Toxicol. 77, 1-14. doi: 10.1002/cptx.55

Pellizzon, M. A., and Ricci, M. R. (2020). Choice of laboratory rodent diet
may confound data interpretation and reproducibility. Curr. Dev. Nutr. 4, 1-9.
doi: 10.1093/cdn/nzaa031

Pettersson, U. S., Waldén, T. B., Carlsson, P. O., Jansson, L., and Phillipson,
M. (2012). Female mice are protected against high-fat diet induced metabolic

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1017/S0007114520004742
https://doi.org/10.1017/S0007114520004742
https://doi.org/10.1111/j.1365-3016.1992.tb00764.x
https://doi.org/10.1111/j.1365-3016.1993.tb00415.x
https://doi.org/10.1111/j.1365-3016.1993.tb00415.x
https://doi.org/10.3389/fnbeh.2010.00173
https://doi.org/10.1016/j.bbr.2009.10.006
https://doi.org/10.1016/j.it.2010.08.005
https://doi.org/10.1016/j.it.2010.08.005
https://doi.org/10.1016/j.neuroscience.2012.08.063
https://doi.org/10.1016/0165-3806(85)90183-x
https://doi.org/10.1016/0165-3806(85)90183-x
https://doi.org/10.1016/0278-5846(85)90050-8
https://doi.org/10.1016/0278-5846(85)90050-8
https://doi.org/10.1126/science.3340858
https://doi.org/10.1159/000125287
https://doi.org/10.1159/000125287
https://doi.org/10.1046/j.1365-2826.1999.00409.x
https://doi.org/10.1046/j.1365-2826.1999.00409.x
https://doi.org/10.1111/gbb.12660
https://doi.org/10.1371/journal.pone.0135542
https://doi.org/10.1371/journal.pone.0135542
https://doi.org/10.1097/00075197-200411000-00010
https://doi.org/10.1016/j.neuropharm.2011.01.009
https://doi.org/10.1016/j.neuropharm.2011.01.009
https://doi.org/10.1523/JNEUROSCI.0099-06.2006
https://doi.org/10.1189/jlb.0312125
https://doi.org/10.1007/s00125-013-2846-8
https://doi.org/10.1016/j.bbi.2019.04.019
https://doi.org/10.1016/j.bbi.2018.07.014
https://doi.org/10.1038/s41380-020-00952-8
https://doi.org/10.1016/j.biopha.2018.05.086
https://doi.org/10.1161/CIRCRESAHA.116.309194
https://doi.org/10.1161/CIRCRESAHA.116.309194
https://doi.org/10.3389/fimmu.2012.00079
https://doi.org/10.3389/fimmu.2012.00079
https://doi.org/10.1016/j.physbeh.2015.07.007
https://doi.org/10.1371/journal.pone.0117680
https://doi.org/10.1080/21505594.2017.1361100
https://doi.org/10.1002/cptx.55
https://doi.org/10.1093/cdn/nzaa031
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

syndrome and increase the regulatory t cell population in adipose tissue. PLoS One
7:¢46057. doi: 10.1371/journal.pone.0046057

Picard, K., St-Pierre, M. K., Vecchiarelli, H. A., Bordeleau, M., and Tremblay,
M. E. (2021). Neuroendocrine, neuroinflammatory and pathological outcomes
of chronic stress: A story of microglial remodeling. Neurochem. Int. 145:104987.
doi: 10.1016/j.neuint.2021.104987

Pisu, M., Boero, G., Biggio, F., Garau, A., Corda, D., Congiu, M., et al.
(2017). Juvenile social isolation affects maternal care in rats: Involvement of
allopregnanolone. Psychopharmacology 234, 2587-2596. doi: 10.1007/s00213-017-
4661-2

Pisu, M., Garau, A., Olla, P, Biggio, F., Utzeri, C., Dore, R,, et al. (2013).
Altered stress responsiveness and hypothalamic-pituitary-adrenal axis function
in male rat offspring of socially isolated parents. J. Neurochem. 126, 493-502.
doi: 10.1111/jnc.12273

Pisu, M. G., Garau, A., Boero, G., Biggio, F., Pibiri, V., Dore, R,, et al. (2016).
Sex differences in the outcome of juvenile social isolation on HPA axis function in
rats. Neuroscience 320, 172-182. doi: 10.1016/j.neuroscience.2016.02.009

Pittet, F., Babb, J. A., Carini, L., and Nephew, B. C. (2017). Chronic social
instability in adult female rats alters social behavior, maternal aggression and
offspring development. Dev. Psychobiol. 59, 291-302. doi: 10.1002/dev.21491

Plotsky, P. M., and Meaney, M. J. (1993). Early, postnatal experience alters
hypothalamic corticotropin-releasing factor (CRF) mRNA, median eminence CRF
content and stress-induced release in adult rats. Mol. Brain Res. 18, 195-200.
doi: 10.1016/0169-328x(93)90189-v

Pryce, C. R,, and Fuchs, E. (2017). Chronic psychosocial stressors in adulthood:
Studies in mice, rats and tree shrews. Neurobiol. Stress 6, 94-103. doi: 10.1016/j.
ynstr.2016.10.001

Radovanovic, 1., Mullick, A., and Gros, P. (2011). Genetic control of
susceptibility to infection with Candida albicans in mice. PLoS One 6:€18957.
doi: 10.1371/journal.pone.0018957

Raineki, C., Lucion, A. B., and Weinberg, J. (2014). Neonatal handling: An
overview of the positive and negative effects. Dev. Psychobiol. 56, 1613-1625.

Ramana, K. V., Srivastava, S., and Singhal, S. S. (2019). Lipid peroxidation
products in human health and disease 2019. Oxid. Med. Cell. Longev.
2019:7147235.

Ravelli, G. P., Stein, Z. A., and Susser, M. W. (1986). Obesity in young men
after famine exposure in utero and early infancy. N. Engl. J. Med. 314, 1547-1552.
doi: 10.1056/NEJM197608122950701

Reeb-Whitaker, C. K., Paigen, B., Beamer, W. G., Bronson, R. T., Churchill,
G. A, Schweitzer, I. B., et al. (2001). The impact of reduced frequency of cage
changes on the health of mice housed in ventilated cages. Lab. Anim. 35, 58-73.
doi: 10.1258/0023677011911381

Reed, B., Hawkins, P., Latham, N., Westwood, K., Driel, K. V., Battram, C., et al.
(2008). Report of the 2006 RSPCA/UFAW Rodent Welfare Group meeting. Lab.
Anim. 37,216-222. doi: 10.1038/laban0508-216

Reeves, P. G., Nielsen, F. H., and Fahey, G. C. (1993). AIN-93 purified diets
for laboratory rodents: Final report of the American Institute of Nutrition ad hoc
writing committee on the reformulation of the AIN-76A rodent diet. . Nutr. 123,
1939-1951. doi: 10.1093/jn/123.11.1939

Rice, J. M. (2005). The carcinogenicity of acrylamide. Mutat. Res. Genet. Toxicol.
Environ. Mutagen. 580, 3-20.

Robinson, E. B., Lichtenstein, P., Anckarsiter, H., Happé, F., and Ronald, A.
(2013). Examining and interpreting the female protective effect against autistic
behavior. Proc. Natl. Acad. Sci. U. S. A. 110, 5258-5262. doi: 10.1073/pnas.
1211070110

Rodriguez-Gomez, A., Filice, F., Gotti, S., and Panzica, G. C. (2014). Perinatal
exposure to genistein affects the normal development of anxiety and aggressive
behaviors and nitric oxide system in CD1 male mice. Physiol. Behav. 133, 107-114.
doi: 10.1016/j.physbeh.2014.05.020

Rosenbaum, M. D., VandeWoude, S., and Johnson, T. E. (2009). Effects of cage-
change frequency and bedding volume on mice and their microenvironment.
J. Am. Assoc. Lab. Anim. Sci. 48, 763-773.

Saavedra-Rodriguez, L., and Feig, L. A. (2013). Chronic social instability induces
anxiety and defective social interactions across generations. Biol. Psychiatry 73,
44-53. doi: 10.1016/j.biopsych.2012.06.035

Sahakyan, A., Plath, K., and Rougeulle, C. (2017). Regulation of X-chromosome
dosage compensation in human: Mechanisms and model systems. Philos. Trans.
R. Soc. B Biol. Sci. 372:20160363. doi: 10.1098/rstb.2016.0363

Samuelsson, A., Matthews, P. A., Argenton, M., Christie, M. R., McConnell,
J. M., Jansen, E. H,, et al. (2008). Diet-induced obesity in female mice leads to
offspring hyperphagia, adiposity, hypertension, and insulin resistance: A novel

Frontiers in Neuroscience

24

10.3389/fnins.2022.1071976

murine model of developmental programming. Hypertension 51, 383-392. doi:
10.1161/HYPERTENSIONAHA.107.101477

Sasson, L. E., Vitins, A. P., Mainigi, M. A., Moley, K. H., and Simmons, R. A.
(2015). Pre-gestational vs gestational exposure to maternal obesity differentially
programs the offspring in mice. Diabetologia 58, 615-624. doi: 10.1007/s00125-
014-3466-7

Scarborough, J., Mueller, F., Weber-Stadlbauer, U., Mattei, D., Opitz, L.,
Cattaneo, A., et al. (2021). A novel murine model to study the impact of
maternal depression and antidepressant treatment on biobehavioral functions in
the offspring. Mol. Psychiatry 26, 6756-6772. doi: 10.1038/s41380-021-01145-7

Scharf, S. H., Sterlemann, V., Liebl, C., Miiller, M. B., and Schmidt, M. V. (2013).
Chronic social stress during adolescence: Interplay of paroxetine treatment and
ageing. Neuropharmacology 72, 38-46. doi: 10.1016/j.neuropharm.2013.03.035

Schroeder, M., Sultany, T., and Weller, A. (2013). Prenatal stress effects on
emotion regulation differ by genotype and sex in prepubertal rats. Dev. Psychobiol.
55,176-192. doi: 10.1002/dev.21010

Schulz, K. M., Pearson, J. N., Neeley, E. W., Berger, R., Leonard, S., Adams,
C. E, et al. (2011). Maternal stress during pregnancy causes sex-specific
alterations in offspring memory performance, social interactions, indices of
anxiety, and body mass. Physiol. Behav. 104, 340-347. doi: 10.1016/j.physbeh.2011.
02.021

Schwartzer, J. J., Careaga, M., Coburn, M. A., Rose, D. R., Hughes, H. K,,
and Ashwood, P. (2017). Behavioral impact of maternal allergic-asthma in two
genetically distinct mouse strains. Brain Behav. Immun. 63, 99-107. doi: 10.1016/
j.bbi.2016.09.007

Schwartzer, J. J., Careaga, M., Onore, C. E., Rushakoff, J. A., Berman, R. F., and
Ashwood, P. (2013). Maternal immune activation and strain specific interactions
in the development of autism-like behaviors in mice. Transl. Psychiatry 3:€240.
doi: 10.1038/tp.2013.16

Scott Weber, K., Setchell, K. D. R,, and Lephart, E. D. (2001). Maternal and
perinatal brain aromatase: Effects of dietary soy phytoestrogens. Dev. Brain Res.
126, 217-221.

Sellers, R. S., Clifford, C. B., Treuting, P. M., and Brayton, C. (2012).
Immunological variation between inbred laboratory mouse strains: Points to
consider in phenotyping genetically immunomodified mice. Vet. Pathol. 49, 32-43.
doi: 10.1177/0300985811429314

Selmi, C. (2008). The X in sex: How autoimmune diseases revolve around sex
chromosomes. Best Pract. Res. Clin. Rheumatol. 22, 913-922. doi: 10.1016/j.berh.
2008.09.002

Sickmann, H. M., Arentzen, T. S., Dyrby, T. B., Plath, N., and Kristensen, M. P.
(2015). Prenatal stress produces sex-specific changes in depression-like behavior in
rats: Implications for increased vulnerability in females. J. Dev. Orig. Health Dis. 6,
462-474. doi: 10.1017/52040174415001282

Silasi, M., Cardenas, I., Racicot, K., Kwon, J.-Y., Aldo, P., and Mor, G. (2015).
Viral infections during pregnancy. Am. J. Reprod. Immunol. 73, 199-213. doi:
10.1111/aji.12355

Singer, K., Maley, N., Mergian, T., DelProposto, J., Cho, K. W., Zamarron,
B. F, et al. (2015). Differences in hematopoietic stem cells contribute to sexually
dimorphic inflammatory responses to high fat diet-induced obesity. J. Biol. Chem.
290, 13250-13262. doi: 10.1074/jbc.M114.634568

Smythe, J. W., McCormick, C. M., and Meaney, M. J. (1996). Median eminence
corticotrophin-releasing hormone content following prenatal stress and neonatal
handling. Brain Res. Bull. 40, 195-199. doi: 10.1016/0361-9230(95)02146-9

Snell, D. M., and Turner, J. M. A. (2018). Sex chromosome effects on male-
female differences in mammals. Curr. Biol. 28, R1313-R1324.

Soliani, F., Cabbia, R., Batistela, M., Almeida, A., Kiimpel, V., and Yamauchi,
L. (2017). Impact of social separation during pregnancy on the manifestation of
defensive behaviors related to generalized anxiety and panic throughout offspring
development. PLoS One 12:¢0185572. doi: 10.1371/journal.pone.0185572

Speakman, J. R. (2019). Use of high-fat diets to study rodent obesity as a model
of human obesity. Int. J. Obes. 43, 1491-1492. doi: 10.1038/s41366-019-0363-7

Spolarics, Z. (2007). The X-files of inflammation: Cellular mosaicism of X-linked
polymorphic genes and the female advantage in the host response to injury and
infection. Shock 27, 597-604. doi: 10.1097/SHK.0b013e31802e40bd

Steimle, A., Autenrieth, B. 1., and Frick, J. S. (2016). Structure and function:
Lipid a modifications in commensals and pathogens. Int. J. Med. Microbiol. 306,
290-301.

Stein, A. D., and Lumey, L. H. (2000). The relationship between maternal
and offspring birth weights after maternal prenatal famine exposure?: The dutch
famine birth cohort study author. Hum. Biol. 72, 641-654.

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1371/journal.pone.0046057
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1007/s00213-017-4661-2
https://doi.org/10.1007/s00213-017-4661-2
https://doi.org/10.1111/jnc.12273
https://doi.org/10.1016/j.neuroscience.2016.02.009
https://doi.org/10.1002/dev.21491
https://doi.org/10.1016/0169-328x(93)90189-v
https://doi.org/10.1016/j.ynstr.2016.10.001
https://doi.org/10.1016/j.ynstr.2016.10.001
https://doi.org/10.1371/journal.pone.0018957
https://doi.org/10.1056/NEJM197608122950701
https://doi.org/10.1258/0023677011911381
https://doi.org/10.1038/laban0508-216
https://doi.org/10.1093/jn/123.11.1939
https://doi.org/10.1073/pnas.1211070110
https://doi.org/10.1073/pnas.1211070110
https://doi.org/10.1016/j.physbeh.2014.05.020
https://doi.org/10.1016/j.biopsych.2012.06.035
https://doi.org/10.1098/rstb.2016.0363
https://doi.org/10.1161/HYPERTENSIONAHA.107.101477
https://doi.org/10.1161/HYPERTENSIONAHA.107.101477
https://doi.org/10.1007/s00125-014-3466-7
https://doi.org/10.1007/s00125-014-3466-7
https://doi.org/10.1038/s41380-021-01145-7
https://doi.org/10.1016/j.neuropharm.2013.03.035
https://doi.org/10.1002/dev.21010
https://doi.org/10.1016/j.physbeh.2011.02.021
https://doi.org/10.1016/j.physbeh.2011.02.021
https://doi.org/10.1016/j.bbi.2016.09.007
https://doi.org/10.1016/j.bbi.2016.09.007
https://doi.org/10.1038/tp.2013.16
https://doi.org/10.1177/0300985811429314
https://doi.org/10.1016/j.berh.2008.09.002
https://doi.org/10.1016/j.berh.2008.09.002
https://doi.org/10.1017/S2040174415001282
https://doi.org/10.1111/aji.12355
https://doi.org/10.1111/aji.12355
https://doi.org/10.1074/jbc.M114.634568
https://doi.org/10.1016/0361-9230(95)02146-9
https://doi.org/10.1371/journal.pone.0185572
https://doi.org/10.1038/s41366-019-0363-7
https://doi.org/10.1097/SHK.0b013e31802e40bd
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

Stern, J. M., Weinberg, J., and Hennessy, M. B. (2010). From freud to a
modern understanding of behavioral, physiological, and brain development. Dev.
Psychobiol. 52, 609-615. doi: 10.1002/dev.20496

Suarez-Trujillo, A., Chen, Y., Aduwari, C., Cummings, S., Kuang, S., Buhman,
K. K, et al. (2019). Maternal high-fat diet exposure during gestation, lactation, or
gestation and lactation differentially affects intestinal morphology and proteome
of neonatal mice. Nutr. Res. 66, 48-60.

Suhs, K. A., Marthaler, B. R., Welch, R. A., and Hopkins, W. J. (2011). Lack of
association between the tlr4 (Ipsd/lpsd) genotype and increased susceptibility to
Escherichia coli bladder infections in female C3H/He] mice. Mbio 2, e00094-e11.
doi: 10.1128/mBi0.00094-11

Surwit, R. S., Feinglos, M. N., Rodin, J., Sutherland, A., Petro, A. E., Opara,
E. C, et al. (1995). Differential effects of fat and sucrose on the development
of obesity and diabetes in C57BL/6] and A ] mice. Metabolism 44, 645-651.
doi: 10.1016/0026-0495(95)90123-x

Svirshchevskaya, E. V., Shevchenko, M. A., Huet, D., Femenia, F., Latgé, J. P,,
Boireau, P., et al. (2009). Susceptibility of mice to invasive aspergillosis correlates
with delayed cell influx into the lungs. Int. J. Immunogenet. 36, 289-299. doi:
10.1111/j.1744-313X.2009.00869.x

Takahashi, L. K., and Kalin, N. H. (1991). Early developmental and temporal
characteristics of stress-induced secretion of pituitary-adrenal hormones in
prenatally stressed rat pups. Brain Res. 558, 75-78. doi: 10.1016/0006-8993(91)
90715-8

Thigpen, J. E., Haseman, J. K., Saunders, H. E., Setchell, K. D. R., Grant, M. G.,
and Forsythe, D. B. (2003). Dietary phytoestrogens accelerate the time of vaginal
opening in immature CD-1 mice. Comp. Med. 53, 607-615.

Thigpen, J. E., Setchell, K. D. R,, Saunders, H. E., Haseman, J. K., Grant, M. G.,
and Forsythe, D. B. (2004). Selecting the appropriate rodent diet for endocrine
disruptor research and testing studies. ILAR J. 45, 401-416. doi: 10.1093/ilar.45.4.
401

Tirsoaga, A., Novikov, A., Adib-Conquy, M., Werts, C., Fitting, C., Cavaillon,
J., et al. (2007). Simple method for repurification of endotoxins for biological use.
Appl. Environ. Microbiol. 73, 1803-1808. doi: 10.1128/AEM.02452-06

Tritsch, G. L. (2000). Food irradiation. Nutrition 16, 698-701.

Tusnio, A., Taciak, M., Barszcz, M., Paradziej-Lukowicz, J., Oledzka, I,
Wiczkowski, W, et al. (2014). Thermal sterilization affects the content of selected
compounds in diets for laboratory animals. J. Anim. Feed Sci. 23, 351-360.

Twaddle, N. C., Churchwell, M. I, McDaniel, L. P., and Doerge, D. R.
(2004). Autoclave sterilization produces acrylamide in rodent diets: Implications
for toxicity testing. J. Agric. Food Chem. 52, 4344-4349. doi: 10.1021/jf049
7657

Vallée, M., Mayo, W., Dellu, F., Le Moal, M., Simon, H., and Maccari, S.
(1997). Prenatal stress induces high anxiety and postnatal handling induces
low anxiety in adult offspring: Correlation with stress-induced corticosterone
secretion. J. Neurosci. 17,2626-2636. doi: 10.1523/]NEUROSCI.17-07-02626.1997

Van den Bergh, B., van den Heuvel, M., Lahti, M., Bracken, M., de Rooij, S.,
Entringer, S., et al. (2020). Prenatal developmental origins of behavior and mental
health: The influence of maternal stress in pregnancy. Neurosci. Biobehav. Rev. 117,
26-64.

Veazey, R. S., Horohov, D. W., Krahenbuhl, J. L., Taylor, H. W., Oliver, J. L.,
and Snider, T. G. (1995). Comparison of the Resistance of C57BL 6 and C3H He
mice to infection with mycobacterium paratuberculosis. Vet. Microbiol. 47,79-87.
doi: 10.1016/0378-1135(95)00057-h

Virk-Baker, M. K., Nagy, T. R, Barnes, S, and Groopman, J.
(2014). Dietary acrylamide and human cancer: A systematic review
of literature. Nutr. Cancer 66, 774-790. doi: 10.1080/01635581.2014.91
6323

vishai-Eliner, S. A., Eghbal-Ahmadi, M., Tabachnik, E., Brunson, K. L., and
Baram, T. Z. (2001). Down-regulation of hypothalamic corticotropin-releasing
hormone messenger ribonucleic acid (mRNA) precedes early-life experience-
induced changes in hippocampal glucocorticoid receptor mRNA. Endocrinology
142, 89-97. doi: 10.1210/endo.142.1.7917

Vuillermot, S., Joodmardi, E., Perlmann, T., Ogren, S. O., Feldon, J., and Meyer,
U. (2012). Prenatal immune activation interacts with Genetic Nurrl deficiency
in the development of attentional impairments. J. Neurosci. 32, 436-451. doi:
10.1523/JNEUROSCI.4831-11.2012

Wakshlak, A., and Marta, W. (1990). Neonatal handling reverses behavioral
abnormalities induced in rats by prenatal stress. Physiol. Behav. 48, 289-292.
doi: 10.1016/0031-9384(90)90315-u

Wang, X., Zhang, C., Shi, F, and Hu, X. (2010). Purification and
characterization of lipopolysaccharides. Subcell. Biochem. 53, 27-51.

Frontiers in Neuroscience

10.3389/fnins.2022.1071976

Wankhade, U. D., Thakali, K. M., and Shankar, K. (2016). Persistent influence
of maternal obesity on offspring health: Mechanisms from animal models
and clinical studies. Mol. Cell. Endocrinol. 435, 7-19. doi: 10.1016/j.mce.2016.
07.001

Weber-Stadlbauer, U., and Meyer, U. (2019). Challenges and opportunities of
a-priori and a-posteriori variability in maternal immune activation models. Curr.
Opin. Behav. Sci. 28, 119-128.

Weinberg, J., and Levine, S. (1977). Early handling influences on behavioral and
physiological responses during active avoidance. Dev. Psychobiol. 10, 161-169.

Weinstock, M. (2017). Prenatal stressors in rodents: Effects on behavior.
Neurobiol. Stress 6, 3-13.

Weiskirchen, S., Weiper, K., Tolba, R. H., and Weiskirchen, R. (2020). All you
can feed: Some comments on production of mouse diets used in biomedical
research with special emphasis on non-alcoholic fatty liver disease research.
Nutrients 12:163. doi: 10.3390/nu12010163

Werling, D. M., and Geschwind, D. H. (2013). Sex differences in autism
spectrum disorders. Curr. Opin. Neurol. 26, 146-153.

West, D. B., Boozer, C. N., Moody, D. L., and Atkinson, R. L. (1992). Dietary
obesity in nine inbred mouse strains. Am. J. Physiol. Regul. Integr. Comp. Physiol.
262, 31-36.

West, D. B., Waguespack, J., and McCollister, S. (1995). Dietary obesity in the
mouse: Interaction of strain with diet composition. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 268, R658-R665.

Wetsel, R. A., Fleischer, D. T., and Haviland, D. L. (1990). Deficiency of the
murine fifth complement component (C5). A 2-base pair gene deletion in a
5’-exon. J. Biol. Chem. 265, 2435-2440.

White, C. L., Purpera, M. N., and Morrison, C. D. (2009). Maternal obesity is
necessary for programming effect of high-fat diet on offspring. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 296, 1464-1472.

Whitehead, G. S., Walker, J. K. L., Berman, K. G., Foster, W. M., and Schwartz,
D. A. (2003). Allergen-induced airway disease is mouse strain dependent. Am. J.
Physiol. Lung Cell. Mol. Physiol. 285, 32-42.

Wilson, C. A., and Terry, A. V. (2013). Variable maternal stress in rats
alters locomotor activity, social behavior, and recognition memory in the
adult offspring. Pharmacol. Biochem. Behav. 104, 47-61. doi: 10.1016/j.pbb.2012.
12.015

Wilson, C. R,, Tran, M. K,, Salazar, K. L., Young, M. E., and Taegtmeyer, H.
(2007). Western diet, but not high fat diet, causes derangements of fatty acid
metabolism and contractile dysfunction in the heart of wistar rats. Biochem. J. 406,
457-467.

Wise, A., and Gilburt, D. J. (1980). The variability of dietary fibre in laboratory
animal diets and its relevance to the control of experimental conditions. Food
Cosmet. Toxicol. 18, 643-648. doi: 10.1016/s0015-6264(80)80013-7

Wisniewski, A. B., Cernetich, A., Gearhart, J. P., and Klein, S. L. (2005).
Perinatal exposure to genistein alters reproductive development and aggressive
behavior in male mice. Physiol. Behav. 84, 327-334. doi: 10.1016/j.physbeh.2004.
12.008

Wu, W. L., Adams, C. E., Stevens, K. E., Chow, K. H., Freedman, R., and
Patterson, P. H. (2015). The interaction between maternal immune activation and
alpha 7 nicotinic acetylcholine receptor in regulating behaviors in the offspring.
Brain Behav. Immun. 46, 192-202. doi: 10.1016/j.bbi.2015.02.005

Xu, Z., Zhang, X., Chang, H., Kong, Y., Ni, Y., and Liu, R. (2021). Rescue of
maternal immune activation-induced behavioral abnormalities in adult mouse
offspring by pathogen-activated maternal Treg cells. Nat. Neurosci. 24, 818-830.
doi: 10.1038/s41593-021-00837- 1

Xuan, I. C. Y., and Hampson, D. R. (2014). Gender-dependent effects of
maternal immune activation on the behavior of mouse offspring. PLoS One
9:104433. doi: 10.1371/journal.pone.0104433

Yohn, C. N,, Ashamalla, S. A., Bokka, L., Gergues, M. M., Garino, A., and
Samuels, B. A. (2019). Social instability is an effective chronic stress paradigm for
both male and female mice. Neuropharmacology 160:107780.

Zengeler, K. E., and Lukens, J. R. (2021). Inflammation stresses out brain
development. Nat. Neurosci. 24, 155-157.

Zhang, Q., Xiao, X., Zheng, J., Li, M., Yu, M, Ping, F., et al. (2021).
Maternal high-fat diet disturbs the DNA methylation profile in the brown adipose
tissue of offspring mice. Front. Endocrinol. 12:705827. doi: 10.3389/fend0.2021.70
5827

Zhao, D., Liu, D., Chen, X,, Wang, K,, Zhang, A., Kang, J., et al. (2013).
Prenatal stress disturbs hippocampal KIF17 and NR2B in spatial cognition in male
offspring. J. Neurosci. Res. 91, 535-544. doi: 10.1002/jnr.23172

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1002/dev.20496
https://doi.org/10.1128/mBio.00094-11
https://doi.org/10.1016/0026-0495(95)90123-x
https://doi.org/10.1111/j.1744-313X.2009.00869.x
https://doi.org/10.1111/j.1744-313X.2009.00869.x
https://doi.org/10.1016/0006-8993(91)90715-8
https://doi.org/10.1016/0006-8993(91)90715-8
https://doi.org/10.1093/ilar.45.4.401
https://doi.org/10.1093/ilar.45.4.401
https://doi.org/10.1128/AEM.02452-06
https://doi.org/10.1021/jf0497657
https://doi.org/10.1021/jf0497657
https://doi.org/10.1523/JNEUROSCI.17-07-02626.1997
https://doi.org/10.1016/0378-1135(95)00057-h
https://doi.org/10.1080/01635581.2014.916323
https://doi.org/10.1080/01635581.2014.916323
https://doi.org/10.1210/endo.142.1.7917
https://doi.org/10.1523/JNEUROSCI.4831-11.2012
https://doi.org/10.1523/JNEUROSCI.4831-11.2012
https://doi.org/10.1016/0031-9384(90)90315-u
https://doi.org/10.1016/j.mce.2016.07.001
https://doi.org/10.1016/j.mce.2016.07.001
https://doi.org/10.3390/nu12010163
https://doi.org/10.1016/j.pbb.2012.12.015
https://doi.org/10.1016/j.pbb.2012.12.015
https://doi.org/10.1016/s0015-6264(80)80013-7
https://doi.org/10.1016/j.physbeh.2004.12.008
https://doi.org/10.1016/j.physbeh.2004.12.008
https://doi.org/10.1016/j.bbi.2015.02.005
https://doi.org/10.1038/s41593-021-00837-1
https://doi.org/10.1371/journal.pone.0104433
https://doi.org/10.3389/fendo.2021.705827
https://doi.org/10.3389/fendo.2021.705827
https://doi.org/10.1002/jnr.23172
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Bucknor et al.

Zhou, Y., Guo, M., Wang, X,, Li, ], Wang, Y., Ye, L., et al. (2013). TLR3
activation efficiency by high or low molecular mass poly I:C. Innate Immun. 19,
184-192.

Zhu, W, and Gilmour, M. L (2009). Comparison of allergic
lung disease in three mouse strains after systemic or mucosal
sensitization with ovalbumin antigen. Immunogenetics 61,
199-207.

Frontiers in Neuroscience

26

10.3389/fnins.2022.1071976

Zohar, 1., Shoham, S., and Weinstock, M. (2016). Perinatal citalopram does
not prevent the effect of prenatal stress on anxiety, depressive-like behaviour and
serotonergic transmission in adult rat offspring. Eur. J. Neurosci. 43, 590-600.

Zuena, A., Mairesse, J., Casolini, P., Cinque, C., Alema, G., Morley-Fletcher,
S., et al. (2008). Prenatal restraint stress generates two distinct behavioral and
neurochemical profiles in male and female rats. PLoS One 3:¢2170. doi: 10.1371/
journal.pone.0002170

frontiersin.org


https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1371/journal.pone.0002170
https://doi.org/10.1371/journal.pone.0002170
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	A comprehensive approach to modeling maternal immune activation in rodents
	1 Introduction
	2 Maternal manipulations
	2.1 Poly I:C model
	2.2 LPS model
	2.3 Psychological induction of MIA
	2.4 Maternal obesity induction and MIA
	2.5 Laboratory diet and food sterilization
	2.6 Parental genetics and impact on the immune system

	3 Offspring effects of MIA and analyses
	3.1 Neonatal handling and cage-change frequency
	3.2 Sex differences
	3.3 Male vulnerability and female resilience

	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


