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Maternal immune activation: reporting guidelines to improve

the rigor, reproducibility, and transparency of the model

Amanda C. Kentner', Staci D. Bilbo?3, Alan S. Brown*®, Elaine Y. Hsiao®, A. Kimberley McAllister’, Urs Meyer®®, Brad D. Pearce'®,
Mikhail V. Pletnikov'', Robert H. Yolken'? and Melissa D. Bauman'3

The 2017 American College of Neuropychopharmacology (ACNP) conference hosted a Study Group on 4 December 2017,
Establishing best practice guidelines to improve the rigor, reproducibility, and transparency of the maternal immune activation (MIA)
animal model of neurodevelopmental abnormalities. The goals of this session were to (a) evaluate the current literature and establish
a consensus on best practices to be implemented in MIA studies, (b) identify remaining research gaps warranting additional data
collection and lend to the development of evidence-based best practice design, and (c) inform the MIA research community of
these findings. During this session, there was a detailed discussion on the importance of validating immunogen doses and
standardizing the general design (e.g., species, immunogenic compound used, housing) of our MIA models both within and across
laboratories. The consensus of the study group was that data does not currently exist to support specific evidence-based model
selection or methodological recommendations due to lack of consistency in reporting, and that this issue extends to other
inflammatory models of neurodevelopmental abnormalities. This launched a call to establish a reporting checklist focusing on
validation, implementation, and transparency modeled on the ARRIVE Guidelines and CONSORT (scientific reporting guidelines for
animal and clinical research, respectively). Here we provide a summary of the discussions in addition to a suggested checklist of
reporting guidelines needed to improve the rigor and reproducibility of this valuable translational model, which can be adapted
and applied to other animal models as well.

Neuropsychopharmacology (2019) 44:245-258; https://doi.org/10.1038/s41386-018-0185-7

BACKGROUND
Brief review of epidemiologic findings of MIA
The MIA model of neuropsychiatric disorders was derived from a
series of epidemiologic studies, which demonstrated associations
between maternal infections during pregnancy and schizophrenia
[1-3]. The most informative of these studies are based on large
population-based birth cohorts employing maternal serum,
neonatal blood spots, and other specimens from biobanks. Nested
case-control studies in these cohorts have provided evidence
supporting the MIA model. Among numerous findings, these
studies have revealed associations between schizophrenia and
maternal serum antibody to influenza, maternal serum/neonatal
antibodies to rubella [4], Toxoplasma gondii [5, 6], and herpes
simplex virus type 2 [7, 8] and cytomegalovirus [9], although not
all findings have been replicated.

Cohort studies derived from these populations using electronic
medical records have revealed associations between several
types of maternal infections and schizophrenia [1]; generally,

these studies have evaluated broad classes of infections, rather
than individual microbes. Other case-control studies have
demonstrated relationships between inflammatory biomarkers in
maternal sera. These include a positive correlation of maternal
levels of the cytokines interleukin-8 [10] and TNF-a [7], and
risk of schizophrenia, an inverse correlation between the levels of
anti-inflammatory Th2 cytokines and risk of schizophrenia [11], a
link between elevated maternal serum CRP and schizophrenia [12]
and associations between elevated levels of maternal comple-
ment components and schizophrenia [13]. Some correlations, such
as the one with exposure to cytomegalovirus, are associated
with genetic loci suggesting a role for gene-environmental
interactions [9, 14].

More recently, this work has been broadened to include other
neuropsychiatric and neurodevelopmental disorders. Large epi-
demiological studies have reported increased risk of autism
spectrum disorder (ASD) associated with maternal infection during
pregnancy, though results vary depending on gestational timing
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of the exposure, type of infectious agent, and intensity of the
maternal immune response [15-23]. Additional studies have
found that maternal CRP levels are increased in pregnancies
giving rise to ASD cases [24], though this finding was not
replicated in a different cohort [25]. Cytokines and other soluble
immune molecules, quantified in specimens such as maternal
blood and amniotic fluid, have also been elevated in some
pregnancies which led to ASD cases [26-29]. Maternal influenza
has been associated with a fivefold increased risk of bipolar
disorder [30, 31] and maternal T. gondii type | was related to
affective psychoses [32].

Although there is a clear need for additional epidemiological
studies, the current data suggest that, at least for a subset of
women, exposure to infection during pregnancy may increase the
risk of CNS disorders in offspring [1, 33]. Rather than being a risk
factor for a single disease or disorder, MIA may rather be a primer
for a range of psychiatric disorders [34, 35]. Moreover, the diversity
of infectious agents associated with an increased risk of CNS
disorders suggests that the maternal immune response may be
one common link between prenatal immune challenge and
altered fetal brain development. Finally, infections may be tapping
into immune pathways that are shared by other environmental
triggers [36, 371.

Overview of MIA model experimental design considerations
Because the genetic, ecological, and behavioral diversity of
humans is so remarkably heterogeneous, the development of
MIA models in animals has been essential for testing causality,
identifying molecular mechanisms, and developing new diagnos-
tic tools and therapeutics. Indeed, rodent and, more recently,
nonhuman primate (NHP) animal models of MIA have demon-
strated a causal relationship between maternal infection and
neuropathological and behavioral abnormalities consistent with a
range of neurodevelopmental and psychiatric disorders. In these
models, the immune system is activated during pregnancy using a
variety of immunogens, and changes in offspring brain and
behavioral development that parallel features of human disease
are then measured (for reviews, see [35, 38-41]). The MIA model is
emerging as a powerful translational tool to explore the effects of
prenatal immune challenge on the developing fetus, though the
need for a more consistent model is paramount.

Developing animal models to study complex human brain
diseases, such as those associated with maternal infection, pose a
major challenge to preclinical research efforts [42-44]. Historically,
the validity of animal models has been determined by: (i)
Construct validity—which accounts for mechanistic similarities
between the model and the clinical condition, in addition to the
etiological relevance of the model to human disease(s), (ii) Face
validity—resemblance of outcome measures of the model to
features of the human disease, and (iii) Predictive validity—
response of the model to therapeutic agents used to treat the
human disease [45]. The MIA models meet all of the criteria for
validity: they mimic some known biological and/or behavioral
pathology and model a known disease-related risk factor, they
exhibit many disease-related phenotypes, and they respond well
to therapeutics used to treat CNS disorders. Although MIA models
have been used most often to model ASD or SZ, the emerging
consensus among leaders in the field is that prenatal infection
may be relevant to a number of CNS diseases and restricting
interpretation to any given human disorder may limit the utility
and relevance of the MIA model [46, 47]. Rather, prenatal immune
challenge may serve as a “disease primer” into an altered
trajectory of fetal brain development that, in combination with
other genetic and environmental factors, may ultimately result in
the emergence of ASD, SZ, or other CNS disorders [34, 35, 48].

In fact, the MIA animal models are allowing us to test the
hypothesis that it is the combination of the timing of exposure,
the type of immune activation (viral vs. bacterial and acute vs.
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chronic), environmental exposures and co-morbidities (such as
stress and diet), and intensity and duration of MIA that may
determine the nature of brain and behavioral alterations that
manifests in offspring [49, 50]. In spite of the challenges associated
with methodological variability, described in detail below, several
behavioral phenotypes associated with the model are quite
reproducible (Fig. 1). Because the specific MIA induction and
postnatal housing parameters appear to dictate the neuropatho-
logical and behavioral outcomes in offspring, the emerging view
in our field is that we should not continue to ignore the details of
how each lab generates their models but rather, we should
embrace and explore those details because they may reveal
critical information about the specific combination of conditions
that cause risk. Moreover, we should not forget that maternal
infections in humans do not always cause disease in offspring,
suggesting that animal models could reveal why some pregnan-
cies are susceptible, and others resilient, to MIA. Thus, rather than
suggest specific recommendations for how MIA models should be
generated, we are instead proposing that labs share specific
details about their models to enhance their rigor, reproducibility,
and translational relevance. Below, we describe several categories
of experimental design considerations: (I) immune activation, (ll)
animals and their environment, and (lll) outcome measures, and
we propose a checklist for reporting these details. Although the
focus here is on maternal models, the resulting guidelines may
also be of use to postnatal immune challenge models, as this
period is also clinically associated with alterations in development
[46, 51, 52].

I. Immune activation

Immune activation compounds: Immune molecules such as
cytokines and chemokines, and the cells that produce them within
the brain are critical for normal brain development. This recognition
has in recent years led to the working hypothesis that inflammatory
events during pregnancy, e.g., in response to infection, may disrupt
the normal expression of immune molecules during critical stages of
neural development and thereby contribute to the risk for
neurodevelopmental disorders. The MIA hypothesis has been tested
in animal models by activating the immune system during
pregnancy using a variety of immunogens and then observing
changes in offspring brain and behavioral development that parallel
features of human CNS disorders. Although MIA can be induced by
many agents [53, 54], here we focus on the two most commonly
used models, Poly IC and LPS.

Polyinosinic:polycytidylic acid (Poly IC) is a synthetic double-
stranded RNA molecule that is commonly used as a viral mimetic.
Poly IC is recognized by the pattern recognition receptor, toll-like
receptor (TLR) 3, which specifically recognizes double-stranded
RNA, the genetic information for many viruses [55]. Despite the
fact that Poly IC is a synthetic analog, variations in its manufacture
can have significant effects on its ability to drive an immune
response and is emerging as an important consideration for MIA
and latent inhibition [56, 57] models of experimental design [58].
These concerns stem, in part, from in vitro data demonstrating
that Poly IC length varies among manufactures and that this
variability may affect the magnitude of immune responses [59,
60]. These results have recently been extended to in vivo studies
[61] that further emphasize the importance of establishing
rigorous reporting guidelines for the MIA model. Perinatal Poly
IC exposure typically induces a robust febrile response, a profound
increase in cytokine and chemokine production (e.g., IL-1B, IL-6,
TNFa, IL-10, CXCL1) [62-64], and HPA axis activation [65-67].
However, these effects are species specific; when mice are housed
below thermoneutrality (approx. 20-30 °C), the more robust (i.e.,
longer-lasting) effect of high-dose Poly IC is hypothermia [68].
Similar to behavioral symptoms seen in individuals with schizo-
phrenia and ASD, offspring that were prenatally treated with Poly
IC have been reported to have significant abnormalities in several

Neuropsychopharmacology (2019) 44:245 - 258
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Fig. 1

Reproducibility of behavioral phenotypes that are commonly assessed in mouse models of maternal immune activation, which are

based on prenatal exposure to the viral mimetic Poly IC. The bar plots show the number of studies reporting a significant deficit or no deficit
in the corresponding behavioral domain after prenatal Poly IC treatment during specific gestational days (GDs). The pie charts illustrate the
amount of replication (in percent) between individual studies; the numbers in brackets represent the number of studies. The corresponding
studies are listed in Supplementary Table 1, which provide further information regarding basic experimental design, mouse strain, age of
testing, Poly IC dosing, and sample sizes. a Reproducibility of prepulse inhibition deficits in Poly IC-based maternal immune activation models.
b Reproducibility of impaired social approach behavior (sociability) in Poly IC-based maternal immune activation models.

behaviors, including deficits in the pre-pulse inhibition [62, 63,
69-71], acoustic startle response, decreases in exploratory
behavior in both open-field and novel-object tests, increased
immobility in the forced swim test, and decreases in social
interactions and sucrose/saccharine preferences [64, 72-82].
Importantly, many of these effects are dependent on the prenatal
timing, Poly IC dosing, and genetic background of animals.
Lipopolysaccharide (LPS), the cell wall component of gram-
negative bacteria, has been used to mimic infection in many
animal studies because it initiates a well-characterized immune
response via the activation of TLR4. The response to LPS also
includes fever and is characterized by a robust increase in the
expression of many cytokines and chemokines, including IL-1p, IL-
6, TNFa, CXCL1, CXCL2, CXCL10, CCL2, and CCL7, among others, as
well as a marked increase in circulating corticosterone [83-87].
Treatment of pregnant dams with high doses of LPS is linked to
overt white matter damage, decreased oligodendrocyte develop-
ment, hypo-myelination of neurons [88-90], and enhanced
behavioral pain responses in adult offspring [91]. Lower doses of
LPS given during the perinatal period also induce a number of
long-term changes in offspring, both biochemical and behavioral,
including social and cognitive deficits [92, 93]. For each of these
immunogens, the later-life impact depends on the timing of the
injection [64], in addition to multiple variables we highlight below.
All available data suggest that a maternal infection can alter the
developmental trajectory of the immune system and the brain.
They support the idea that whereas direct neurological injury is
often associated with severe neonatal infection (e.g., Borna
Disease Virus or high-dose LPS), mild-to-moderate infection and
subsequent cytokine exposure during key periods of brain

Neuropsychopharmacology (2019) 44:245 - 258

development may result in more subtle alterations, such as
altering the response or vulnerability to a subsequent insult [94].
Whether an inflammatory event within the CNS confers either
resilience or vulnerability to a later challenge is a key unanswered
question and most certainly depends on several factors, including
timing (early, mid, or late gestation); route of administration (intra-
peritoneal, sub-cutaneous, intra-venous, intra-muscular, etc.);
dose, source (vendor: Sigma, InvivogGen, etc.) and serotype of
the immunogen; and even storage and administration conditions
(time of day, room temperature, etc.) [58, 64, 95, 96]. Finally, stress
can significantly modify immune responses; thus, factors such as
cage changes at the time of challenge should also be consistent
within a study, and reported in methods. We suggest that
reporting of each of these variables is critical for future research
reports using these MIA models.

Immune activation validation: While it is recognized that the
source, type, and administration timing of immunogens used in
our inflammatory models can lead to differential behavioral and
physiological outcomes, it is important to continually validate our
models to ensure that discrepant findings are not due to the use
of less potent or inert products. Administration of immunogens
such as LPS and Poly IC activate the immune system, resulting in
the release of prostaglandins and proinflammatory cytokines
which have been directly tied to the induction of a series of
behavioral symptoms of sickness (e.g., lethargy, reduced motiva-
tion for food and social contact, piloerection/goosebumps)
[97-101], indicative of an inflammatory response. Combined,
these processes drive the initiation and maintenance of fever and
are part of an adaptive strategy to help organisms fight infections
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Validation of Inflammation - Microsampling vs Satellite Animal Designs

Experimental Immunogen Group(s) + Vehicle Group

—

Collection of microsamples from all animal treatment groups

OR,

Experimental Immunogen Group(s) + Vehicle Group + Satellite Animals

—

Sampling satellite animals only
(additional Immunogen Group(s) + Vehicle Group)

Fig. 2 Validation of inflammation in maternal immune activation (MIA) models using microsampling or satellite animal designs. a The
microsampling method consists of taking small volumes of blood, plasma, and/or serum from the main experimental animals of the study in
order to measure proinflammatory cytokine levels (e.g., interleukin-6) so that inflammation can be confirmed. Confounds of handling stress
are an issue for this design. b In a satellite animal design, a second cohort of animals, separate from the main experimental subjects, is
employed. Biological samples are collected from the satellite group only, limiting handling of the experimental group. In this design, it may be
possible to miss individual differences in that some animals may not mount a measurable immune response, potentially leading to variability

in the data.

[102, 103] (reviewed in [104]). The physiological and behavioral
components of this “sickness response” can be quantified in order
to validate commonly used animal models of inflammation.

The potency and efficacy of an immunogen can be evaluated
by measuring serum or plasma levels of proinflammatory
cytokines such as interleukin-1, interleukin-6, and tumor necrosis
factor alpha [83, 85, 105-108]. Methodological considerations
become important here—if one were to take a blood sample from
every subject [109]—this introduces handling stress into the
experimental protocol. Although the use of satellite animals from
each treatment group can dissociate the effects of MIA from
handling stress [110, 111] (see Fig. 2), it may be possible to miss
individual differences in that some animals may not mount a
measurable immune response, potentially leading to variability in
the data. However, borrowing from the toxicology literature, the
use of satellite groups can be useful if a sufficient number of
animals for meaningful scientific interpretation are used, or if
recommended guidelines are followed [109-111]. While measure-
ment of proinflammatory cytokines can be expensive in terms of
animals, reagents, and time, it may be a gold standard that labs
can use to compare across their MIA models.

Another possibility to consider is the passive evaluation of
cytokine-induced sickness behaviors in the home cage, the
expression of which is associated with peripheral and central
cytokine activation [101, 112, 113]. This option offers a non-
invasive approach to confirm immune system activation without
the added confound of handling stress. It is a simple, straightfor-
ward method where blinded observers can assess animals for the
presence of specific sickness behaviors (e.g., ptosis, piloerection,
lethargy/reduced motor activity, and huddling) across time. In
one protocol, the magnitude of each specific sickness behavior
is evaluated [114], whereas another recommended protocol
strictly assesses the number of sickness behaviors present [115].
In both procedures, rats and mice are then assigned a total
composite sickness score. These protocols have been successfully
applied to male and female rodents administered LPS and Poly IC,
and have been effective in pubertal, adult, and pregnant
populations [115]. Similar observational methods have been
developed and applied to studies using larger animals such as
non-human primates [116]. Reductions in locomotor activity
following immunogen challenge can be non-invasively measured
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in an animals’ home cage using specialized recording and
monitoring software to verify sickness, compared to vehicle-
treated control animals. For singly housed animals, specialized
cages can measure food and water intake, and body weight
change [117], known to be affected by immunogens as part of the
inflammatory sickness response [102].

Another method for validating immunogens is to measure the
inflammatory fever response. This may be done by using either
implantable telemetry/data logger systems or temperature
probes. A potential problem with the former option is that it
requires surgery for animals that will be bred after recovery (in the
case of the MIA model), which can result in high per diem
expenditures. While the use of radio-frequency identification
(RFID) transponders, which are implanted subcutaneously with
quick recovery times, can be a reliable measure of temperature
[117], the required equipment and software may be costly for
laboratories with limited funds. Moreover, one-time use RFID tags
can put a toll on the environment. On the other hand, reusable
rectal probes or tail cuffs introduce handling, which itself can be a
stressor to animals [118], eliciting hyperthermia in addition to
elevated levels of hormones and cytokines [118, 119]. Less
invasive infrared thermometers are improving in accuracy, but
again may be cost prohibitive to some laboratories.

Another critical issue related to experimental design of MIA
studies is the use of pilot experiments [120, 121]. Although it
seems obvious, it may be difficult to “predict” in advance what
dose, administration route, and regimen are needed for one's
specific goals. Reinstating the use of dose response trials
implemented in early MIA models may prove useful [76, 77, 96,
122, 123]. If, for example, one uses MIA with additional genetic or
environmental manipulations, one would need to determine a
dose or a range of doses that would not produce “ceiling” effects
in order to be able to evaluate interactions between different
factors [73, 124]. Pilot studies could also help with consideration of
what would constitute a positive control for ones’ specific
investigation. While negative controls usually include animals
treated with vehicle and/or untreated animals, it does not seem
trivial to determine what would constitute positive controls with
immune stimulation. “Historical” controls based on the published
and personal reports are widely used but one’s specific conditions
may call for additional considerations of positive controls.

Neuropsychopharmacology (2019) 44:245 - 258
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At this point, there is no consensus or guidance on how
best to validate the immunogens used in our inflammatory
models, or how to standardize which sources and types

of our reporting chart (Table 1) so that we can collect and inform
the scientific community on the most acceptable validation
protocols and identify appropriate immunogens, doses, and

of immunogens we employ. Therefore, we recommend the use sources.
Table 1. MIA model reporting guidelines checklist
ARRIVE Reporting Guideline & Recommendation Arrive MIA Model Specific Reporting Recommendation

> Species/strain/vendor

a. Provide details of the animals used, including species, strain, sex,
developmental stage (e.g. mean or median age plus age range)
and weight (e.g. mean or median weight plus weight range).

b. Provide further relevant information such as the source of
animals, international strain nomenclature, genetic modification
status (e.g. knock-out or transgenic), genotype, health/immune
status, drug or test naive, previous procedures, etc.

Item Please complete this chart for each point outlined below. If not
applicable, write N/A
Study design 6 MIA Specific Reporting:
> Overview of immune activation issues
For each experiment, give brief details of the study design a. General need for improved reporting in MIA model methods +
including: reporting pilot data
a. The number of experimental and control groups. * Details on pilot data:
b. Any steps taken to minimize the effects of subjective bias when
allocating animals to treatment (e.g. randomization procedure)
and when assessing results (e.g. if done, describe who was blinded
and when).
c. The experimental unit (e.g. a single animal, group or cage of
animals).
A time-line diagram or flow chart can be useful to illustrate how
complex study designs were carried out.
Experimental procedures 7 Provide details of:
> Compounds
> Validation measures
For each experiment and each experimental group, including a. Compounds - source, vehicle, preparation/storage,
controls, provide precise details of all procedures carried out. For administration route, volume administered, whether anesthetics
example: were used at time of immune challenge.
o Name of compound:
o Catalogue number:
o Lot number:
» Vehicle control used:
> Route of administration:
= Volume administered:
o Storage conditions:
o Anesthetic (type, dose, duration) used:
a. How (e.g. drug formulation and dose, site and route of b. Housing variables at injection - temperature of room at injection
administration, anaesthesia and analgesia used [including time, cage change at time of injection or not
monitoring], surgical procedure, method of euthanasia). Provide o Light cycle of animal housing room:
details of any specialist equipment used, including supplier(s). o Time of day of injection:
b. When (e.g. time of day). o Room temperature at injection time:
c. Where (e.g. home cage, laboratory, water maze). o Did a cage change occur at time of injection:
d. Why (e.g. rationale for choice of specific anaesthetic, route of c. Validation of immune activation — behavior, physiological indices
administration, drug dose used). and/or cytokine data, including pilot dosing data
> Method used to verify immune activation:
d. Validation of gestational timing - vaginal plug, estrous cycle,
weight gain
o Method of validating gestational timing:
Additional comments:
Experimental animals 8 Provide details of:

a. Species - considerations for appropriate species (mouse, rat, non
human primate, other)

o Species:
b. Strain - variability in strain can influence model

o Strain:

c. Maternal/Offspring Physiological Variables at time of immune
challenge - age, body weight

o Maternal Age at challenge:

o Maternal Body weight:

» Offspring Age at challenge:

o Offspring Sex:

- Offspring Body weight:

Neuropsychopharmacology (2019) 44:245 - 258
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Table 1 continued

ARRIVE Reporting Guideline & Recommendation

Arrive
Item

MIA Model Specific Reporting Recommendation
Please complete this chart for each point outlined below. If not
applicable, write N/A

Housing and husbandry
> Cage, ventilation, bedding, enrichment

Provide details of:

a. Housing (type of facility e.g. specific pathogen free [SPF]; type of
cage or housing; bedding material; number of cage companions;
tank shape and material etc. for fish).

b. Husbandry conditions (e.g. breeding program, light/dark cycle,
temperature, quality of water etc for fish, type of food, access to
food and water, environmental enrichment).

c. Welfare-related assessments and interventions that were carried
out prior to, during, or after the experiment.

d. Vendor - even within the same strain, vendor can influence
endpoints

«Vendor:

o Location of Vendor:

o Room/area where animals originated from:
Additional Comments:

Provide details of:

a. Caging systems
o At breeding:
Material of cage:
Cage dimensions:
o After parturition:
Material of cage:
Cage dimensions:
o At weaning:
Material of cage:
Cage dimensions:

b. Animal Holding room
o Temperature in room:
o Humidity in room:
» Ventilation system:
o Specific pathogen free [SPF]:
o Are males & females housed in the same or separate rooms:

c. Bedding exchanges/bedding type
» Type of cage bedding used:
o Frequency of cage changes per week:

during gestation:
during neonatal period:
following weaning:

d. Breeding - bred on site or timed pregnant, how many different
sires (are the same fathers breeding with both experimental and
control dams)

Breeding location:
- Gestational age at shipping:
o Biological age of dams (if not listed in Section 8c):
o Number of Dams bred:
o« How many times have dams been mated previously:
o How many times did the dams mate and not become pregnant:
o Are the dams primiparous or multiparous?
o What was the frequency of maternal handling during the
gestational/neonatal period (e.g. cage cleanings, weighing, blood
collection manipulations):
o Biological age of sires:
o Number of sires bred:
o« How many times have sires been mated previously:
o How many times did the sires mate successfully (e.g. mating
resulted in pregnancy, full term birth):
o If bred previously, what was the interval between mating times:
o Are sires matched to experimental and control dams:
o Describe the mating design (1:1, 1:2 etc):

e. Social enrichment - number of cage companions
o« Number of cage companions prior to breeding:
- Gestational age when dam separated for parturition:
o« Number of cage companions at weaning:

f. Physical enrichment - describe enrichment devices, and when
enrichment is in the cage (removed when pups born? Or present
throughout study), does the enrichment type change? How
frequently?

SPRINGERNATURE
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Table 1 continued

ARRIVE Reporting Guideline & Recommendation Arrive MIA Model Specific Reporting Recommendation
Item Please complete this chart for each point outlined below. If not
applicable, write N/A
> Describe what type of enrichment devices (and how many) are
included in cage/housing room:
o Does enrichment type/access change across study?
o If so, when does enrichment type/access change- (e.g.
enrichment removed prior to parturition and replaced in
neonatal period):
o Additional Comments:
Sample size 10 Provide details of:
> Litter versus offspring
a. Specify the total number of animals used in each experiment, a. Maternal- N vs offspring N
and the’number of animals in eth exper|meqta| group. o What is the total number of -dams/litters included in the study:
b. Ex.plaln how the number of amrnals was arrived at. Provide o What is the total number of offspring per litter included the
details of any sample size calculation used. study:
c. Indicate the number of independent replications of each i X o
experiment, if relevant. b. Litter size and sex distribution
o What size was each litter maintained at:
o« What age did culling take place at:
o How many males and females were maintained in each litter:
c. Cross fostering
o Did cross fostering occur:
o If so, at what age did cross fostering occur:
Additional Comments:
Allocating animals to experimental groups 1 a. How many offspring per litter were used in each measure:
a. Give full details of how animals were allocated to experimental b. Randomization/Matching procedures
groups, including randomization or matching if done. o What procedures were used to assign animals to groups:
b. Describe the order in which the animals in the different . . . . . .
experimental groups were treated and assessed. c. Sex as a biological variable (behavioral and physiological
outcomes)
o Were both males and females evaluated in each behavioral and
physiological outcome:
Additional Comments:
Experimental outcomes 12 a. Maternal behavior and pup interactions
> Behavioral testing o If maternal care was evaluated, were there differences following
> Physiological endpoints immunogen challenge (if so, please briefly describe):
Clearly define the primary and secondary experimental outcomes b. Age(s) of offspring at behavioral testing/physiological evaluation
assessed (e.g. cell death, molecular markers, behavioral changes). endpoints:
c. Order of testing (e.g. behavioral test order)
o Were animals evaluated in a counter-balanced order in terms of:
presentation of tests to each animal:
order of experimental/control groups run through each test:
o What was the inter-test interval if a single animal underwent a
battery of tests:
Additional Comments:
Statistical methods 13 a. Unit of analysis for each data set

a. Provide details of the statistical methods used for each analysis.
b. Specify the unit of analysis for each dataset (e.g. single animal,
group of animals, single neuron).

c. Describe any methods used to assess whether the data met the
assumptions of the statistical approach.

Other Disclosures

oIs the unit (n) of each analysis based on number of litters, or
number of animals used per group:

Please make note of any other extraneous variables that you would
like to report (e.g. fire alarms, construction, temporary relocations,
other variables that you think we should be considering in our
studies etc.):

The recommended use of this reporting form is to fill it out and include it as supplemental material for each of your laboratory’s research publications. If there
are difficulties utilizing the fillable form (Supplementary Table 2) associated with this article please contact one of the corresponding authors to request a copy.
The authors give permission for this table to be edited for use in reporting on other animal models (e.g. postnatal immune challenge models, early life stress

models) as appropriate.
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Il. Animals and environment

Species, strain, and vendor considerations: The Poly IC MIA
model has attracted investigators with expertise in mouse, rat, and
NHP models, which in turn has allowed the field to capitalize on
the unique advantages of each species [125]. Cross-species
comparisons allow preclinical researchers to compare the effects
of prenatal immune challenge on evolutionarily conserved
behavioral and biological outcome measures [126, 127].

Mouse models have laid the foundation for understanding the
effects of MIA on fetal brain development and will undoubtedly
continue to be an important species in MIA research, especially in
models that incorporate genetic susceptibility. Rat models offer
many of the advantages of mouse models in terms of cost, short
gestational period, and the potential for genetic modifications, but
also have more complex brains and display an enriched repertoire
of social behavior [128]. Given that rodents comprise the vast
majority of MIA model studies, it is also important to consider how
strain and vendor can influence experimental outcomes. It is well
established that strains of mice and rats exhibit strain-specific
biological and behavioral profiles, and not unexpected that
different strains may vyield different outcomes in the MIA model
[129]. However, mounting evidence suggests that mice from the
same strain, but different vendors, may also respond differently to
prenatal immune challenge due to composition of maternal gut
bacteria [130]. The field of MIA research may also benefit from
species that allow for a more sophisticated evaluation of social
and cognitive abilities and underlying neural systems, such as the
rhesus monkey [131, 132].

Although the NHP model may provide a bridge from rodent
models to human disease [133], the increased costs and ethical
considerations constrain the use of NHPs in research. We therefore
suggest careful evaluation of which species and/or strain is most
appropriate for the MIA model outcome measures of interest and
reporting species, strain, and vendor details in methods. It is also
important to note that species differ in maternal cytokine
response, placenta function, litter size, and length of gestation.
Extrapolating gestational timing across species is not always
straightforward, as the gestational period of rhesus monkeys
(165 days) and humans (280 days) is much longer than that of
mice/rats (18-23 days) [134]. Moreover, the timing of implantation
and development may be delayed following copulation due to the
length of sperm viability and embryonic diapause [135, 136]. For
these reasons, the method of confirming gestation should also be
reported (see Table 1), whether through identification of a mating
plug or by estrous cycle tracking to confirm a sustained diestrus
phase, for example.

Sample size, sex determination, and group allocation: Similar to
all animal studies, experiments with MIA face issues with
experimental design, including the determination of appropriate
group size, and important decisions on statistical analyses. Most
concerns are related to the lack of use of power calculations,
inadequate or non-blind randomization and group allocations,
and limited consideration of baseline differences between
animals. It has been suggested that animal studies follow the
established practices of the human clinical trials. These issues have
been extensively discussed elsewhere and we refer our readers to
several excellent reviews on this topic [137-139].

Randomization must always be used to make sure that each
animal is allocated to an experimental group strictly by chance.
Since MIA models involve two quite different sets of experimental
animals, namely, pregnant and nursing dams and their offspring,
random group allocation should be done for both groups. While
randomly allocating pregnant or to be pregnant females to
different experimental conditions, each potential condition (i.e.,
factor) should be taken into account, including source of animals,
mating partners, housing conditions, diets, etc. It is highly
desirable that pregnant dams be either single housed after
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establishing the pregnancy or be randomly allocated to different
cages that would include both vehicle-treated and an immune
inducer-treated dams. If all dams in a cage receive the same
treatment, one may have to consider this cage as the
experimental unit. Relatedly, littermates share similar in utero
and postnatal environments which can influence offspring
physiology and behavior, resulting in litter effects [140]. Therefore,
each litter, as opposed to individual offspring, should be
considered an experimental unit [141]. A more detailed discussion
of this issue has been reviewed elsewhere [142]. Ultimately,
a very careful plan should be devised in advance to deal
with offspring, including randomization for cross-fostering
or testing offspring after birth. As a standardization of all
possible experimental approaches involving MIA model is very
difficult, investigators are encouraged to provide a detailed
description of the randomization and group allocation design
(even if a nonstandard design was used) to enable other
investigators in the field to reproduce the exact conditions of
the published study.

Rearing environment: The prenatal and rearing environment
includes the home cage, caging system (see below), as well as the
broader environment of the housing room and animal facility. The
microbiome of the mother and her offspring undoubtedly can
influence behavior, but this is difficult to control. Within the home
cage, one of the key influences is the role of the dam. In MIA
models, the mother exerts a combination of genetic, environ-
mental, and behavioral influences on the postnatal characteristics
of her offspring. These various maternal influences are relevant to
the purported downstream effects of prenatal immune stimula-
tion on the offspring’s neurobehavioral characteristics, but
they are often difficult to disentangle [81, 82, 123, 143-146].
One technique used to separate these influences is “cross-
fostering”, in which pups are removed from one dam and
“transferred” to another lactating dam [147-150]. In most current
behavioral studies, cross-fostering is performed within the same
strain, but there is a long history of cross-fostering between strains
(and even between species) to examine maternal influences on
the offspring’s behavior and physiology [151] (see McCarty for an
excellent review [147]). In some transgenic mouse studies, inter-
strain cross-fostering is also used as a breeding strategy to
develop or maintain a line, or to account for genetic differences in
maternal behavior [152].

The advantages of cross-fostering can be considered to partially
control for a number of potential confounds in the MIA model
such as litter size, sex ratio, lactation, and maternal behavior [147,
153]. However, the exact procedures used for cross-fostering are
often missing from publications, and fostering per se can
introduce its own set of confounding factors [152, 154, 155]. To
control for effects of handling and maternal-pup disruption in
cross-fostering experiments, litters may be transferred between
mothers within the same treatment groups (e.g., pups from an
LPS-treated mother are switched to another LPS-treated mother).
As fostering paradigms increase in complexity so does the cost
and time commitment for a given scientific question. Despite
attempts to control for the plethora of unintended effects in MIA
experiments, emerging data continue to yield unexpected and
intriguing findings, such as the ability of immune molecules in
milk to program hippocampal development and memory in the
offspring [156].

Possible influence of caging systems: Another possible con-
founding factor in MIA models is the precise type of animal caging
system. While researchers generally report cage sizes and the
number of animals that are housed per cage [123, 124],
information regarding other cage parameters is mostly omitted
in published articles. A number of rodent studies, however, have
provided compelling evidence suggesting that the precise type of
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animal caging system can affect the animals’ hygiene status,
welfare, and behavior [157-162], which in turn may significantly
influence the outcomes of MIA. In this regard, we have seen a
continuous shift from the use of conventional caging systems
such as open-top cages (OTC) or filter-top cages (FTC) to
individually ventilated cage (IVC) systems [163]. Reducing the
potential spreading of airborne infections and protecting
the personnel from aeroallergens have been major drivers
of the increasing use of IVCs in preclinical rodent research.
While the possible benefits of IVCs for laboratory staff
seem reasonable, it remains a matter of debate whether
preclinical rodent research benefits from IVCs or not [163].
Indeed, IVCs can alter or mask neurobehavioral phenotypes
that are typically seen in more conventional caging systems such
as OTCs or FTCs. One illustrative example of this are the findings
of Logge et al. [164], who showed that schizophrenia-
related phenotypes of neuregulin 1 (Nrg1) mutant mice were no
longer detectable when the animals were raised in IVCs as
compared to FTCs [164].

A wide range of factors may account for the noticeable impact
of the caging systems on neurobehavioral phenotypes in
preclinical rodent research. For example, IVCs differ from OTCs
and FTCs in regard to airflow and intra-cage oxygen (O,), carbon
dioxide (CO,), and ammonia (NH;) levels [159, 165], and they also
diverge with respect to climbing opportunities [166] and inter-
cage olfactory and acoustic cues [167]. IVCs have further been
reported to impose cold stress on laboratory mice [168] and to
modulate basal immune parameters [159]. All these factors may
exert a significant influence on brain development and functions
[160, 169, 170], which in turn may modify the expected research
outcomes and/or undermine the reproducibility of findings across
different laboratories.

Acknowledging (and dealing with) the potential impact of
differences in animal caging systems seems particularly relevant
for MIA models, for three main reasons: first, the precise type of
caging system can affect the animals’ hygiene status, thereby
influencing their basal immune profiles and sensitivity to
infectious or immune-stimulating agents [159, 171]. Second,
offspring of MIA-exposed and control mothers are raised and
kept in their home cages for a substantial amount of time,
typically ranging from birth to adult stages of life. Hence, the
confounding effects induced by cage-specific parameters (e.g.,
presence or absence of climbing opportunities or inter-cage
olfactory and acoustic cues in IVCs; environmental enrichment)
can be expected to be maximal in such developmental models
[114, 172]. Third, the nature and/or severity of neurobehavioral
and molecular changes induced by MIA are known to be
dependent on pre-pubertal and post-pubertal maturational
processes [78, 124, 173, 174]. External influences brought on by
cage-specific factors may modify these maturational processes
and may differentially shape the MIA phenotypes as the offspring
mature [114, 175].

Thus far, systematic efforts toward investigating the potential
impact of differences in laboratory caging systems are lacking in
MIA models. Because of the reasons mentioned above, however,
we deem such efforts highly warranted. Moreover, we believe it is
important to consider and report the precise type of caging
system and enrichment devices used in current and future studies
of MIA to increase reproducibility across different research
laboratories.

Ill. Outcome measures

Brain and behavior outcome measures: There is increasing
evidence that MIA is an environmental risk factor shared across
several neurological disorders, such as ASD, schizophrenia,
epilepsy, depression, and neurodegenerative diseases [48, 176].
Consistent with this, in animal models, MIA alone or combined
with additional environmental or genetic susceptibility, yields
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offspring that display subsets of various neurochemical, neuro-
physiological and behavioral abnormalities, as well as immunolo-
gical, gastrointestinal, or metabolic disruptions [125]. This diversity
in phenotypic consequences of MIA requires comprehensive and
accurate reporting of experimental methods and results for
outcome measures. Relatedly, the consequences of MIA chal-
lenges appear to be enduring; disruptions in brain and behavior
can be transmitted transgenerationally [81, 82, 92, 177]. Although
beyond the scope of these particular reporting guidelines,
additional reporting measures will likely need to be established
in order to address the implications of these ancestral influences.

The specific experimental methods used to induce MIA should
be selected to maximize the physiological relevance of the
perturbation and outcomes to the disease or condition of interest.
Given that there are many variations of the MIA model that each
yield differences in the types, severity and onset of physiological
abnormalities seen in MIA offspring, an assessment of evidence
supporting face, construct and predictive validity of the specific
model of MIA to disease is needed. Consideration should be given
to NIMH’s Research Domain Criteria (RDoC) framework for
investigating mental disorders, which incorporates units of
analyses from genes, molecules and cells to circuits, physiology,
and behavior. Systems approaches to consider the molecular and
cellular bases of neurobehavioral changes are applied to
psychological constructs belonging to key behavioral domains,
such as emotion, cognition, motivation, and social behavior.
Numerous constructs, such as anxiety, sensory perception,
cognitive control, and social communication, are relevant to the
MIA model and can be used as a framework for outcome
measurement and reporting.

Primary and secondary experimental outcomes should be
clearly defined. In particular, procedures should indicate at which
time point each measurement occurs as well as the age of animals
tested. In addition, offspring age should align with the clinical
endophenotypes that are being modeled. For example, with
relevance to ASD, vocalizations or reciprocal social interactions
can be assessed beginning in early postnatal ages, whereas
abnormalities in sensorimotor gating seen in schizophrenia may
be better examined in adolescent animals and disruptions in
learning and memory that are relevant to neurodegenerative
disease may be evaluated in adult and aged animals. Consistent
with the importance of considering sex as a biological variable
[178], whether results for each outcome assessment are sexually
dimorphic should be evaluated.

Careful consideration should be given to biological and
technical variables that can alter experimental outcomes. Whether
each animal undergoes a battery of tests or whether there are
separate cohorts that each undergo a subset of tests should be
clarified. Where possible, the order of outcome testing should be
justified. For example, exposures to physical and psychological
stressors can profoundly alter animal behavior [179]. As such,
consideration may be given to performing behavioral assessments
in order of increasing severity of stress response, to minimize
effects of substantial prior exposure to stress on performance in
subsequent assays. In addition, whether maternal care is
evaluated in the study, or whether maternal care is expected to
be altered based on existing literature, should be addressed.

Importantly, statistical methods should be clearly described and
justified. In particular, consideration should be given to whether the
biological sample size (N) refers to number of mothers (litters) if the
primary variable is administered maternally, or if the biological
sample size (N) refers to the number of offspring tested (e.g., when
testing effects of a postnatal intervention) [180]. The biological
sample size of sires should also be considered as paternal effects
may also contribute to the offspring phenotype [181]. Overall,
dedicated efforts to promote rigorous experimental reporting will
enable improved cross-comparisons of different MIA models and
assessment of reproducibility across independent studies.
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SUMMARY OF REPORTING GUIDELINES AND FUTURE
DIRECTIONS

Translational impact and future directions

MIA studies in pregnant animals indicate that the maternal
immune response is one of the critical links between exposure to
infection during pregnancy and subsequent changes in brain and
behavioral development of offspring. Mice, rat, and NHP offspring
born to MIA-treated dams demonstrate significant alterations in
brain and behavior development, which parallel features of
human neurodevelopmental disorders [34, 35, 38-41, 176]. The
translation of epidemiologic findings to MIA animal models allows
for a better understanding of pathogenic mechanisms, reduces
the potential for bias and confounding, and allows for cross-
validation of the associations by investigating phenotypes
observed in schizophrenia and other neuropsychiatric disorders.
The use of animal models also allows for study of the interactions
of infection with genetic factors as well as with other environ-
mental factors such as diet, alcohol, and drug exposures, which
may be important mediators of the neural consequences of
maternal infection. Future epidemiologic studies aimed at “back-
translating” findings from animal models may facilitate the
identification of new risk factors, mechanistic pathways, and
interacting genetic mutations. Moreover, further work in both
disciplines offers the potential to better understand relationships
between MIA and structural and functional brain phenotypes in
neuropsychiatric disorders.

The original rationale for using Poly IC in MIA models was based
on the assumption that it is not so much the specific viral agent
but rather a universal immune response to all types of viruses that
really contributes neurodevelopmental abnormalities. Although
this appealing hypothesis has never been tested directly, MIA
models have significantly advanced our understanding of how
Poly IC or LPS produced immune challenge in utero could increase
the risk for neurodevelopmental disorders. Since the introduction
of the MIA model in early 2000, there has been a significant
improvement in our understanding of the mechanisms whereby
various microbial infections during pregnancy could contribute to
psychopathology in offspring. It is now clear that different
microbial pathogens may activate dissimilar immune pathways
via activating different TLR receptors. While it is plausible that
various microbes could activate a limited number of immune
mechanisms, the potential differences in underlying mechanisms
could be significant. Thus, an alternative approach is to use
inactivated microbes that would produce an agent-specific
immune activation by avoiding experimental complications of
working with live pathogens. Critically, the latter fact has been
historically the main attractive feature of MIA model for many
neurobiologists who have limited if any skills and/or lab settings
to work with infectious microbes.

Reporting guidelines

Given that preclinical research is under increasing pressure to
improve reproducibility [138, 182], the MIA model will undoubt-
edly benefit from renewed interest in refining experimental
design standards [183]. However, MIA models are also faced with a
series of unique challenges that has made it increasingly difficult
to replicate outcomes, compare across studies, and establish
standard protocol guidelines. The need to establish reporting
guidelines is of paramount importance for the field and has lead
our group to propose the following checklist (Table 1). Modeled
after the ARRIVE Guidelines and CONSORT (scientific reporting
guidelines for animal and clinical research, respectively), the
proposed reporting checklist is a living document tailored for the
MIA model, but can easily be adapted and applied to other animal
models (e.g. postnatal immune challenge models, early life stress
models) as well. At this moment, we are still in the initial stages of
identifying key variables central to maintaining the rigor and
reproducibility of data that stem from research focused on MIA.

SPRINGERNATURE

While we include specific reporting points, we also have an “other
disclosures” section for authors to provide additional information,
or communicate other variables, that they deem relevant to the
literature. This is a call-to-action requesting that investigators
complete the 'fillable' form of Table 1 (see Supplementary Table 2
for downloadable version) and include it as part of the
supplementary materials that accompany their manuscripts.
Adherence to these reporting guidelines will allow for the future
collation and evaluation of reported information, ultimately
leading to an established consensus on the best practices to be
implemented in our studies. This will also allow for the
identification of remaining research gaps, leading to the evolution
of evidence-based practice design and the transmission of these
findings to the research community. It is our intention to solicit
endorsement of this checklist from journals through its imple-
mentation as part of the manuscript submission process in order
to increase the transparency of data reporting as a standard within
the MIA model. With these changes, the MIA model may help us
to understand which pregnancies are most vulnerable to prenatal
immune challenge, which gestational time points are most
sensitive, and ultimately how to safely manage the maternal
immune response during pregnancy to prevent deleterious effects
on fetal brain development.
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