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Abstract

using rodent models.

Research with rodents is crucial for expanding our understanding of genetic and environmental risk factors for
neurodevelopmental disorders (NDD). However, there is growing concern about the number of animal studies that
are difficult to replicate, potentially undermining the validity of results. These concerns have prompted funding
agencies and academic journals to implement more rigorous standards in an effort to increase reproducibility in
research. However, these standards fail to address a major source of variability in rodent research brought on by
the “litter effect,” the fact that rodents from the same litter are phenotypically more similar to one other than
rodents from different litters of the same strain. We show that the litter effect accounts for 30-60% of the variability
associated with commonly studied phenotypes, including brain, placenta, and body weight. Moreover, we show
how failure to control for litter-to-litter variation can mask a phenotype in Chd
haploinsufficiency of CHDS, a high-confidence autism gene. Thus, if not properly controlled, the litter effect has the
potential to negatively influence rigor and reproducibility of NDD research. While efforts have been made to
educate scientists on the importance of controlling for litter effects in previous publications, our analysis of the
recent literature (2015-2020) shows that the vast majority of NDD studies focused on genetic risks, including
mutant mouse studies, and environmental risks, such as air pollution and valproic acid exposure, do not correct for
litter effects or report information on the number of litters used. We outline best practices to help scientists
minimize the impact of litter-to-litter variability and to enhance rigor and reproducibility in future NDD studies
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Introduction

Brain development requires tight coordination of cell
proliferation, differentiation, migration, and synapse for-
mation. Any disruption to this complex chain of events
has the potential to perturb brain development and in-
crease risk for a neurodevelopmental disorder (NDD),
such as autism spectrum disorder, schizophrenia,
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intellectual disability, attention deficit hyperactivity dis-
order, or bipolar disorder [1-3]. Genetic and environmen-
tal factors influence risk for NDDs and do not operate
alone, but rather interact to increase disease risk [4].
Research with rodent models has been crucial to
expanding current knowledge of NDD risk and patho-
genesis. However, a growing chorus in the scientific
community has raised concerns about the number of
animal studies that are difficult to replicate [5, 6], in-
cluding in the preclinical NDD research field [7-9].
These concerns are important to address, as rodent
models are extensively being used to further our
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understanding of mammalian biology and to develop
treatments for human diseases. Concerns about reprodu-
cibility have touched almost every field [10]. In response,
prominent institutions, including the National Institutes
of Health (NIH) and the National Academy of Science
(NAS), and journals, such as Science and Nature, have
revised their policies to include more rigorous statistical
analyses, transparency in reporting and data sharing, and
greater consideration of relevant biological variables to
address reproducibility concerns [5].

One variable that is well-known in the toxicology field to
affect reproducibility, but that has not been consistently re-
ported or discussed in the NDD field, is rigorous control of
“litter effects” in multiparous species [11-13]. Litter effect
refers to the fact that rodents from the same litter are
phenotypically more similar to each other than rodents from
different litters of the same strain, and this includes inbred
strains which are considered to be genetically identical.
While efforts have been made to shed light on the import-
ance of litter effects [13—16], our recent literature search
shows that the issue remains largely neglected in the NDD
field. This review will discuss why it is important to control
for litter effects and how to control for litter effects when
using rodents. As we expand upon below, litter effects ac-
count for an astounding 30-60% of the variability in com-
monly studied phenotypes. Given that most NDD
phenotypes in rodent models are of small effect size, con-
trolling this major source of variability will go a long way to-
wards enhancing rigor and reproducibility in the NDD field.

Methods

Mice

All procedures in this study were approved by the Institu-
tional Animal Care and Use Committee at the University
of North Carolina at Chapel Hill. Mice were maintained
on a C57BL/6] background and raised in a facility with a
12:12 light:dark cycle with ad libitum access to food (Tek-
lad 2020X, Envigo, Huntingdon, UK) and water. Male
mice heterozygous for a high confidence CHD8 mutation
(Chd8V?%¢"*), generated as previously described [17], were
time mated with wild-type females. Matings were set up
in the evening before the start of the dark cycle, using one
male mouse and one female mouse per breeding cage.
Females were separated and single-housed upon confirm-
ation of a vaginal plug the next day, considered as gesta-
tion day 0.5 (E0.5). Genotyping was performed as
previously described [17]. Dams were sacrificed on E15.5,
and embryos were collected by dissection in PBS. Pla-
centa, whole body, and brain weights were determined
using an analytic balance.

Statistics and analysis
Data analysis was first based on ANOVA without adjust-
ing for the litter effect. Litter effect was then examined
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by comparing the sums of squares with or without the
litter as a variable in the model. To appropriately ac-
count for the litter effect, we utilized a nonlinear mixed
model approach by applying the R-package “nlme” to
our data, with the litter variable as a random effect.

Literature search

Recent publications in the NDD field were identified on
PubMed using the search terms shown in Table 1. Key
words were selected to maximize the number of papers
reviewed in particular research areas (i.e., genetic—in-
cluding molecular studies of brain development, and en-
vironmental exposure studies). References were filtered
for articles published between 2015 and August 26,
2020. Only primary research articles that examined mu-
tant rodent models or the effect of prenatal environmen-
tal manipulations on rodent offspring were selected. In
vitro studies were excluded. Key information extracted
from each publication included whether the litter was
identified as the experimental unit and whether the
number of litters assessed was indicated.

Main text

Litter effects are important to control when genetic and/
or environmental risks are studied in multiparous ani-
mals, particularly when the manipulation has the poten-
tial to impact animals prenatally and/or early postnatally
prior to weaning. In exposure studies, it is common to
apply treatments to whole litters by manipulating a preg-
nant dam (i.e., with a chemical, stress, or virus) and
assessing individual offspring. The experimental unit, de-
fined as the smallest physical unit that can be randomly
assigned to a treatment condition, is the pregnant dam.
Thus, the statistical unit of measure should be the litter.
Likewise, if the litter (treated prenatally) is allowed to
develop into adulthood, the statistical unit should still be
the litter. Even in the absence of an exposure, littermates
are more similar to one another across a variety of mor-
phological, biochemical, and behavioral parameters, on
average, than to animals from other litters [13, 16, 18].
As a result, it is also important to control for litter ef-
fects when comparing wild-type and mutant animals.
Differences linked to litter variation have been reported
from gestation into adulthood (as late as 2—4 years), sup-
porting the persistence of litter effects late in life [16].

Published literature largely fails to control for litter
effects

To evaluate the extent to which litter effects are re-
ported and/or controlled in the NDD field, a literature
review was performed on recent publications. In our as-
sessment of research articles on genetic studies of Scn2a,
Chd8, and Ube3a rodent models, no (n = 0 out of 45)
papers correctly accounted for litter effects by
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Table 1 Litters are rarely used as the statistical unit in NDD publications

Category Search criteria

Number of litters Litter treated as

indicated statistical unit

Genetic (including molecular ~ (SCN2A AND Autism) OR (CHD8 AND Autism) OR (UBE3A AND Angelman) 2/45 (4%) 0/45 (0%)
studies of brain development) neocortex AND development AND regulation 3/29 (10%) 1/29 (3%)

(embryonic knockout OR electroporation) AND brain development 4/25 (16%) 1/25 (4%)
Genetic total 9/99 (9%) 2/99 (2%)
Environment maternal immune activation AND autism 23/33 (67%) 6/33 (18%)

autism AND air pollution 8/9 (89%) 3/9 (33%)

BPA AND brain development 8/9 (89%) 4/9 (44%)

autism AND VPA 30/66 (45%) 10/66 (15%)

Environment total

69/117 (59%) 23/117 (20%)

identifying the litter as the statistical experimental unit,
and only 2 papers on molecular studies of brain develop-
ment did so (Table 1). In total, 2% (2 out of 99) of the
genetic studies, including molecular studies of brain de-
velopment, corrected for litter effects. In contrast, 20%
(23 out of 117) studies on environmental exposures, in-
cluding air pollution, bisphenol A (BPA), valproic acid
(VPA), and maternal immune activation, correctly iden-
tified the litter as the statistical experimental unit (Table
1). To account for the possibility that litter variation was
considered but not corrected for in these studies, we also
investigated whether studies reported on the numbers of
litters used, as this is the first step when considering lit-
ter variation. Using this looser definition, 59% of envir-
onmental studies reported on litters used, only 9% of
genetic studies did so (Table 1).

Almost all prenatal exposure studies investigate em-
bryonic and early postnatal timepoints, while 35% the
genetic studies assessed in this review reported on adult
rodent models only. It is evident that litter effects can be
more obvious in embryonic studies, due to difficulties in
precisely timing conception. Thus, researchers investi-
gating early life timepoints may take litter effects more
seriously, to minimize erroneous inferences caused by
sampling animals from a small number of litters. To
evaluate whether genetic studies assessing embryonic
timepoints report more frequently on numbers of litters
used, all genetic studies reporting solely on adult time
points were excluded. This filter, however, only in-
creased the percentage of genetics studies that corrected
for litter effects from 2 to 3% and increased the rate of
studies reporting the numbers of litters used from 9 to
14% (data not shown).

We speculate that almost no molecular/genetic NDD
studies considered litter effects, whereas a small propor-
tion of environmental risk NDD studies did so because
awareness of this issue is greater for scientists who study
environmental risks. Several high-quality papers describe
litter effects and the need to control litter effects when

examining environmental exposures [14, 15], but would
likely have been overlooked by scientists studying gen-
etic risks. For those who are aware of litter effects, we
speculate some may choose to sample a small number of
litters, and hence underpower their studies, to save time,
effort, and money. Awareness of the litter effect remains
low overall, given that the last review of this topic by
Lazic and colleagues was published in 2013 [15], yet the
vast majority of recent publications failed to control for
litter effects (Table 1). More work must clearly be done
to educate the NDD field about this important and read-
ily controlled source of experimental variability.

We also speculate that NDD researchers who study ro-
dent models with gene mutations may believe that litter
effects only need to be considered if studying embryonic
environmental exposures. However, this is not the case.
Studies with animals harboring a mutant allele from
conception onward are essentially no different than
studies that expose animals to a candidate environmen-
tal risk. In both cases, an experimental manipulation is
being evaluated that has the potential to influence brain
development in the pre- and/or early postnatal period.
As a case in point, our data with wild-type and
Chd8"*%”* mice, which model a high-confidence aut-
ism gene mutation [17], indicate that within litter vari-
ation is lower than between litters (Fig. 1).

Appropriate analysis to remove the influence of litter
effects

Research with rodent models must account for litter ef-
fects in the experimental design and statistical analysis.
Appropriate design and analysis can be conducted by (1)
only using one animal per litter (randomly selected), (2)
using more than one animal per litter and averaging
their values, or (3) using multiple animals per litter and
applying a mixed-effects model for analysis (Fig. 2) [15].
This contrasts with the evidently common practice of
using multiple wild-type and/or mutant mice or rats
from a small number of litters (Table 1), which
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Fig. 1 Body weight, brain weight, and placental weight of wild-type and Chd8"***”* mutant mice at E15.5. The variation across different litters is
greater than the variation within a litter

erroneously inflates sample size and fails to correct for
large litter-to-litter variation.

Lazic and Essioux nicely describe the benefits of each
method [15]. Briefly, while using one animal per litter al-
lows standard statistical methods, such as ¢ tests and
ANOVA, to be used for analysis, it is not an efficient use
of animals unless one plans additional experiments, ana-
lyzing different endpoints, with the other animals in the
litter. Standard statistical methods can also be performed
by using the average value of multiple animals per litter.
However, the precision of estimated variability within a
litter will be lost by averaging. Alternatively, one can as-
sess multiple pups per litter and apply the mixed-effects
model for analysis, which allows one to quantify the
magnitude of the litter effect, or the variability within
each litter, and remove unexplained variation in the data
(Fig. 2).

Experimental designs that do not appropriately ac-
count for litter effects can lead to erroneous inferences.
Holson and Pearce showed that false positive rates in-
crease as a greater number of offspring are sampled per
litter [13]. Conversely, litter-to-litter variation adds
“noise” to the data that can mask true treatment or gen-
etic effects. For example, we found that body, brain, and
placenta weight data were similar within litters but dif-
fered between litters dissected on embryonic day 15.5
(E15.5) from wild-type and Chd8V?%%”* mutant mice
(Fig. 1). When litters were included as a variable, and
hence litter effect was controlled, the effects of sex and
genotype increased in significance, becoming more evi-
dent than was observed by treating each pup as an indi-
vidual statistical unit (Table 2, Fig. 3). For example, male
placenta weight was significantly greater than female
placenta weight (Table 2, Fig. 3), consistent with prior
studies [19-21]. Importantly, the statistical significance
of this measure increased after correcting for litter-to-
litter variation. Further, litter effects were found to ac-
count for 53.4%, 63.7%, and 34.4% of variation in brain

weight, body weight, and placental weight, respectively
(Table 2, Fig. 3).

While sampling multiple pups per litter allows one to
quantify the litter effect and reduce its influence on the
data, it is not always feasible to test every animal. In this
case, increasing the litter number and only testing one
animal, randomly selected, per litter will allow one to
avoid falsely inflating sample size. Regardless of the
model used, increasing the number of litters will in-
crease statistical power far more than increasing the
number of animals per litter. This important point was
nicely depicted by Lazic and colleagues in graphical for-
mat [15], using locomotor activity to perform power cal-
culations. Moreover, using one animal per litter and
multiple litters also saves researchers time and resources,
as fewer animals need to be tested overall to increase
statistical power.

Factors that contribute to litter effects

There are several major factors that likely contribute to
similarities within litters and variation across litters. Ani-
mals within a litter are genetically similar, they share the
same prenatal and postnatal environments, and they
were all conceived at the same time—a time that cannot
possibly be identical to animals in other litters, even if
timed matings were used to generate the animals. Timed
mating occurs overnight, typically over a 12-h window,
which is hardly a short period of time given the dramatic
changes that take place each day of embryonic brain de-
velopment [22, 23]. These shared features within a litter
are precisely what contribute to differences between lit-
ters. Other plausible contributing factors to litter effects
that are seldom considered include differences in mater-
nal behaviors, particularly if the mother harbors a mu-
tant allele that affects maternal behaviors [17, 24], and
variation within the in utero environment. These factors
cannot be accounted for statistically if the litter is not
controlled as a variable.
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Fig. 2 In treatment studies, pregnant females, and hence whole litters, are exposed to a substance (a, ¢, e). Litters are the experimental unit
because they are randomized to the treatment. Offspring within a litter will be more similar to each other than to offspring from different litters
and should be treated as subsamples or technical replicates. Similarly, in studies with mutant animals, individual animals coming from the same
litter share prenatal and postnatal environments that render them more similar to each other than to animals from different litters (b, d, f). Most
studies incorrectly ignore the litter and instead apply standard statistical tests to multiple animals per litter, thus failing to correct or control for
relatively large differences between litters. Appropriate analysis can be conducted by a and b only using one animal of a given genotype and sex
per litter (randomly selected), ¢ and d using more than one animal per litter and averaging their values, or e and f using multiple animals per
litter and applying a mixed-effects model for analysis. The mixed-effects model allows for each offspring to be used as a unit of analysis and
treats the litter as a random variable in the ANOVA. Even though each offspring is used as a sample, the litter is still the statistical unit for
exposure studies, as the dam was randomly assigned to the treatment condition. Sex of the offspring should be balanced across groups. It may
be necessary to study male and female neonates separately, in which case a total of 1 male and 1 female per litter (and genotype if relevant),

Influence of maternal behavior on litter effects

Naturally occurring variation in maternal behavior has
been reported between and within rodent strains [25—
27]. C57BL/6] mice display considerable natural vari-
ation in the frequency of postpartum maternal behavior
observed daily from day 1 through day 6 postpartum.
Nursing frequency ranged from 37-73%, 3—14% for lick-
ing/grooming, and 1-21% for nest building [28]. Adult
offspring of C57BL/6] mothers that exhibit low maternal
licking display increased anxiety-like behavior, impaired
habituation to testing scenarios, increased reactivity to

acute stressors, and deficits in prepulse inhibition in fe-
male offspring [29].

By influencing the development of neural systems, in-
cluding the  hypothalamic-pituitary-adrenal  axis,
hypothalamic-pituitary-gonadal axis, and mesolimbic
dopamine system, mother-pup interactions shape behav-
ioral and endocrine response systems [26, 27, 30]. High
nurturing behavior can also lead to increased expression
of neural cell adhesion molecules and brain-derived
neurotrophic factors, suggestive of increased synapse
formation and neuron survival [26, 31, 32]. Thus, the
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Table 2 Litter effect reflected in E15.5 body and organ weights
of wild-type and Chd8"**¢”* mutant mice

(2021) 13:2

Standard analysis Mixed-effects model

(litter effect ignored)

Brain:
Sex 0.606 0476
Genotype 0.695 0.587

Variation in brain weights explain by litter effect: 53.4%

Body:
Sex 0.829 0.69
Genotype 0.032" 0.0003™"

Variation in body weights explained by litter effect: 63.7%

Placenta:
Sex 0.008" 0001"
Genotype 0.06" 0023

Variation in placenta weights explained by litter effect: 34.4%

**%p < 0001, **p < 0.01, *p < 0.05, *p < 0.1
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behavior of the mother toward her offspring can lead to
sustained changes in neuronal gene expression that in-
fluence neuroendocrine responses to stress and behavior
in adulthood. Offspring of mice with high nurturing be-
havior also show enhanced spatial learning, memory,
and object recognition [26, 32].

Differences in social environments across litters can
also contribute to litter-to-litter variation. During the
first weeks of life, the social environment, defined by the
mother and littermates, is extremely restricted. There-
fore, the mother serves as the primary and direct link
between the environment and the developing pups. Early
life events that prolong the activation of maternal stress
reactivity, such as isolation or frequent handling, can
promote vulnerability to chronic illness later in life in
the offspring [26, 27]. Variation in litter size also has the
potential to influence the developing offspring. Small lit-
ter size has been associated with increased body weight
and impacts memory and anxiety-related behaviors in a
strain-dependent manner in male mice [33]. These ef-
fects may result from greater access to nutrients or dif-
ferences in maternal behavior when litters are small.
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varies greatly. b Adjusting for the litter effect removes unexplained variation in the data and has the potential to unmask significant differences
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Culling litters to the same number of pups, to ensure
equal access to milk and to better control for pup-pup
stimulation, may reduce variability. However, this prac-
tice has become controversial as increasing evidence
supports long-term unforeseen consequences, including
an altered feeding status that can affect metabolic func-
tions [34, 35]. Alternatively, researchers can exclude lit-
ters outside a narrow range of litter sizes.

When using rodents to assess genetic contributors to
NDDs, it is crucial to test mutant dams for early signs of
maternal behavior deficits that have the potential to con-
found results [17]. Litter size in addition to maternal be-
haviors, including licking/grooming, small or absent
milk spots in pups, and failure to retrieve pups should
be considered [24, 36]. Deficits in these behaviors will
require the fostering of pups to wild-type dams of the
same strain or choosing to mate wild-type females with
mutant males, if heterozygous offspring model the dis-
order, such is the case for most syndromic forms of
autism.

Impact of in utero environment on litter effects
Intrauterine differences in maternal hormones, nutrient
availability, and environmental chemicals passing
through the placenta can also affect brain development
and NDD risk [13, 37-40]. For example, enhanced levels
of aggression and stress during pregnancy heighten
stress responses in offspring as they prepare for life out-
side of the womb [41-44]. Similarly, maternal malnutri-
tion reprograms metabolism in the fetus to prepare for a
life of scarcity [45, 46]. Impaired maternal cardiovascular
function and maternal anemia can deprive the fetus of
an adequate blood supply and result in intrauterine hyp-
oxia. Chronic hypoxia during brain development can
affect neuronal migration and profoundly affect brain
development [39].

Perturbed brain development has also been associated
with infection and maternal immune activation during
pregnancy. Specifically, human epidemiological studies
and rodent models have linked bacterial and viral infec-
tions during pregnancy to neurodevelopmental disor-
ders, including autism and schizophrenia [47, 48].
Exogenous chemical exposures during pregnancy can
also impact the developing embryo through molecular
changes in the female, or can cross the placenta to dir-
ectly affect fetal development. Substances such as alco-
hol and valproic acid have been associated with behavior
impairments, transcriptional alterations, congenital mal-
formation, and neuropsychiatric and neurodevelopmen-
tal disorders [39, 49, 50].

Consequently, while the fetal brain’s plasticity pro-
motes survival, it also heightens vulnerability to exogen-
ous manipulations. These risk factors can reflect
differences in food, animal handling, and cage
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environment, and may go undetected in rodent research.
The resulting impact on in utero environments can
strongly contribute to litter effects. It is not feasible to
control for variability in the response of a female to all
of the possible biochemical changes that occur during
pregnancy or to variability in the impact of an exogen-
ous exposure. Thus, measures must be taken to account
for these differences across litters.

Conclusions
Many variables contribute to litter effects that can nega-
tively impact reproducibility in preclinical NDD studies.
In this review, we focused on design and analysis of pre-
clinical NDD studies that use rodent models, and how
this affects the validity and reproducibility of results. We
assessed experimental designs in which natural litter-to-
litter variation can influence the value of a measured ex-
perimental outcome and where an experimental treat-
ment is applied to whole litters by dosing pregnant
females and therefore all the offspring. Litter effects are
an inherent characteristic of neurodevelopmental re-
search with rodent models, yet are rarely controlled, cre-
ating the potential for failure to replicate. In our analysis
of recent literature involving rodent models of NDDs,
including genetic and molecular studies of brain devel-
opment and environmental exposure studies, 88% of
studies fail to indicate how litter effects were controlled,
let alone acknowledge that litter effects were considered.
Litter effects are straightforward to control, and once
controlled, will increase rigor and reproducibility in pre-
clinical NDD studies. We recommend that NDD re-
searchers adhere to the experimental designs and
analyses discussed in this review, as well as other well-
written reviews of this topic [13-16]. Observing these
best practices will enhance the value of animal models
and strengthen the conclusions obtained from NDD
studies.
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