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A B S T R A C T

Maternal immune activation (MIA) in response to infection during pregnancy has been linked through various
epidemiological and preclinical studies to an increased risk of neurodevelopmental disorders such as autism
spectrum disorder (ASD) and schizophrenia in exposed offspring. Sensory filtering disruptions occur in both of
these disorders and are typically measured using the acoustic startle response in both humans and rodents. Our
study focuses on characterizing the baseline reactivity, habituation and prepulse inhibition (PPI) of the acoustic
startle response following exposure to MIA. We induced MIA using polyinosinic: polycytidylic acid (poly I:C) at
gestational day (GD) 9.5 or 14.5, and we tested sensory filtering phenotypes in adolescent and adult offspring. Our
results show that startle reactivity was robustly increased in adult GD9.5 but not GD14.5 poly I:C offspring. In
contrast to some previous studies, we found no consistent changes in short-term habituation, long-term habitu-
ation or prepulse inhibition of startle. Our study highlights the importance of MIA exposure timing and discusses
sensory filtering phenotypes as they relate to ASD, schizophrenia and the poly I:C MIA model. Moreover, we
analyze and discuss the potential impact of between- and within-litter variability on behavioural findings in poly
I:C studies.
1. Introduction

Maternal infection during pregnancy is a known environmental risk
factor for neurodevelopmental disorders such as schizophrenia (SCZ;
Brown et al., 2004; Blomstr€om et al., 2012), Autism Spectrum Disorder
(ASD; Atlad�ottir et al., 2010; Zerbo et al., 2015), epilepsy (Sun et al.,
2008; Whitehead et al., 2006) and intellectual disability (Lee et al.,
2015). Since multiple types of infection are associated with a similar
offspring risk (Nielsen et al., 2013), it is thought that the disruption of
brain development is mediated by maternal cytokines, the inflammatory
molecules of the maternal immune response (Canetta et al., 2014; Estes
and McAllister, 2016; Jones et al., 2017; Koks et al., 2016).

Polyinosinic: polycytidylic acid (poly I:C) is a synthetic analog of
double-stranded RNA which binds to toll-like-receptor 3 to initiate an
acute antiviral-like immune reaction (Takeda and Akira, 2005). Admin-
istration of poly I:C at distinct time-points during pregnancy in rodents
produces diverse phenotypes related to neurodevelopmental disorders
(Careaga et al., 2017; Haddad et al., 2020; Solek et al., 2018). The poly
I:C model has a high construct validity, as it closely relates to observa-
tions from human epidemiological studies (Li et al., 2009; Meyer et al.,
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2008, 2005; Mueller et al., 2018; Richetto et al., 2017; Shi et al., 2003). It
also shows considerable face validity for neurodevelopmental disorders,
as it induces behavioural offspring changes in sensorimotor gating,
cognition, social behavior and stereotypy (Giovanoli et al., 2016; Haddad
et al., 2020; Pacheco-L�opez et al., 2013; Solek et al., 2018; Vuillermot
et al., 2010), as well as molecular changes in dopaminergic, gluta-
matergic and GABAergic neurotransmission (Haddad et al., 2020; Rah-
man et al., 2017; Richetto et al., 2014, 2013).

Themost commonly investigated phenotype across all poly I:C studies
is the disruption of sensorimotor gating, which refers to pre-attentive
filtering of redundant sensory information, measured as prepulse inhi-
bition (PPI) of the acoustic startle response (ASR; Koch, 1999). Disrup-
tions in PPI have been a consistent finding in patients with SCZ for
decades and have also been reported in other psychiatric disorders such
as ASD and Huntington’s Disease, although not as consistently (Kohl
et al., 2013; Sinclair et al., 2017; Swerdlow et al., 2008). Given the direct
translatability of ASR measures across species, PPI testing is a staple
preclinical test in many relevant models and PPI deficits may reflect
disruptions along with the cortico-striato-pallido-thalamic circuitry
which modulates PPI (Swerdlow et al., 2016). Beyond PPI, the baseline
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startle amplitude can be used as a measure of implicit sensory reactivity.
Furthermore, habituation of the startle response upon repeated stimu-
lation is a form of non-associative memory which may also be considered
a form of pre-attentive sensory filtering (Koch, 1999). Although startle
reactivity and habituation of startle also represent valuable measures
associated with sensory processing disruptions in ASD and SCZ, they
have received far less attention in poly I:C literature in the past.

In this study, we characterize startle reactivity, startle short-term
habituation (STH), long-term habituation (LTH) and PPI in the rat poly
I:C model, and highlight the extent to which between- and within-litter
variability influences these behavioural measures. Furthermore, we
interpret our data specifically in the context of ASR methodology (e.g
influence of habituation on startle reactivity measures, trial-by-trial vs.
block-based analysis of habituation). Poly I:C was injected at GD9.5 and
GD14.5, the most commonly studied timepoints across poly I:C studies.
These time points are typically chosen because they represent rodent
brain developmental equivalents of human first and second trimesters,
which are the gestational periods when maternal infection imposes the
greatest risk (Haddad et al., 2020).

2. Methods

2.1. Subjects

This study was conducted using wildtype Sprague Dawley (SD) adult
male and female rats (Charles River Canada). Rats were housed in open
cages with corn cob bedding, given ad libitum food and water, and kept
on a 12 h light – 12 h dark cycle with lights turning on at 7:00 a.m. Cages
were enriched with polycarbonate huts and wrinkled paper. Cage
changes took place once a week except during behavioural testing pro-
cedures, during which cage changes were carried out at the end of the 5-
day startle protocols to ensure LTH was not influenced by cage change
stress. Same-sex animals were housed in groups of 2–4 per cage.
Behavioural testing took place during the light phase (between 7:00 and
19:00 h). All animal procedures were approved by the Western Animal
Care Committee and adhered to the guidelines of the Canadian Council
on Animal Care.

2.2. Timed breeding

Adult male rats were paired with a maximum of two adult females at a
time. After pairing overnight, a vaginal smear was collected from each
female at 8 a.m. and inspected under a light microscope to track the
estrus cycle and check for the presence of sperm. If spermwas detected in
the smear, the female was considered pregnant and that day was
considered as GD0.5. Pregnant females were then separated from the
male and transferred into a single cage, where they were left undisturbed
until injection day (GD9.5 or GD14.5). Each female was only bred once in
this experiment.

2.3. Maternal immune activation

Pregnant females were randomly assigned to receive either poly I:C or
saline injections. Maternal immune activation was induced using poly I:C
(Sigma Lot#037M4011V), which had been previously aliquoted and
stored at�20� C. Poly I:C aliquots were diluted in 0.9% saline to obtain a
concentration of 4 mg/ml. At around 10 a.m. on GD9.5 or GD14.5,
pregnant females were weighed and had their rectal temperature
measured. Then, they underwent isoflurane anesthesia (5% induction,
2% maintenance), during which they were injected with either 0.9%
saline or 4 mg/kg poly I:C into the tail vein. The entire injection from
anesthesia induction to recovery procedure took an average of 15 min
and rats were returned to their cages afterwards and were undisturbed
besides temperature/weight measurement and weekly cage change.
Temperature measurements were taken 3- and 24-h following injection,
whereas maternal weight was recorded at 6 and 24-h following injection.
2

The day of parturition was designated as postnatal day (PND) 0.
Offspring were weaned at PND21, and littermates were separated based
on sex and housed in groups of 2–4 rats per cage. At the end of the
experiment, the final number of litters per group was as follows: GD9.5
saline, 3 litters; GD9.5 poly I:C, 3 litters; GD14.5 saline, 4 litters; GD14.5
poly I:C, 4 litters. For the last 2 litters in each group, offspring were culled
to 3–5 animals per sex per litter at 1 week of age, whereas in earlier
cohorts all the offspring were tested. We did not record the full litter size
for the last 2 litters from each group, but previous research suggests that
prenatal poly I:C treatment similar to ours does not reduce litter size
(Gray et al., 2019; Vernon et al., 2015; Vorhees et al., 2015, 2012). The
final number of offspring included for analysis per group, litter, and sex is
included in the statistical analysis section of the article.

2.4. qRT-PCR for quantification of the immune response

A total of six dams were used to confirm the efficacy of the batch of
poly I:C used in this experiment. These dams were injected with either
saline or poly I:C at GD9.5 (3 per group). They were sacrificed 6 h after
maternal saline or poly I:C injection using mild carbon dioxide inhalation
until respiratory failure, followed by cardiac puncture or decapitation.
Two whole conceptuses (containing decidua, placenta, and embryo)
were isolated per dam and either snap-frozen in liquid nitrogen or fixed
in 10% neutral buffered formalin. RNA was extracted from the tissue by
homogenizing in RiboZol (Amresco). The aqueous phase was then
diluted with 70% ethanol, placed on RNeasy columns (Qiagen), treated
with DNase I, and purified. cDNA was generated from purified RNA (50
ng/ml) using High Capacity cDNA Reverse Transcription kit (Thermo
Fisher Scientific), diluted 1:10, and used for quantitative Reverse Tran-
scriptase-Polymerase Chain Reaction (qRT-PCR). For qRT-PCR, cDNA
was mixed with SensiFast SYBR green PCR Master Mix (FrogtaBio) and
primers described in the supplemental information (Table S1). A CFX
Connect Real-Time PCR system (Bio-Rad Laboratories) was used for
amplification and fluorescence detection. Cycling conditions were as
follows: an initial holding step (95 �C for 3 min), followed by 40 cycles of
two-step PCR (95� for 10 s, 60 �C for 45 s), then a dissociation step (65 �C
for 5 s and a sequential increase to 95 �C). Relative mRNA expression was
calculated using the comparative cycle threshold (Ct;ΔΔCt) method. The
geometric mean of Ct values obtained from the amplification of Ribo-
somal RNA 18s (Rn18s) was used as reference RNA. Ct values from each
gene of interest (Interleukin-6, Interleukin-10, Tumor Necrosis Factor-α, and
Interferon-γ) were stable among the conditions tested.

2.5. Acoustic startle response testing

Behavioural testing was conducted in adolescence (starting PND38-
39) and adulthood (starting PND120-130). The same tests were con-
ducted at each time point, and adolescent animals were handled at least
twice before behavioural testing. Startle testing was performed as
described before (Valsamis and Schmid, 2011). In brief, rats were initially
acclimated to the experimental procedure, Plexiglas animal holders, and
startle chambers (Med Associates, Vermont, USA) by undergoing three
5-min acclimation sessions, at least 6 h apart. During acclimation, the
animals were exposed to a 65 dB sound pressure level (SPL) white noise
background sound which is consistently present throughout all startle
testing procedures. After acclimation sessions, startle reactivity in
response to startle stimuli of varying intensitieswasmeasured. This startle
reactivity test consisted of 12 white noise startle stimuli, each 20 ms in
duration, at intensities ranging sequentially from 65 dB to 120 dB in 5 dB
increments, with afixed intertrial interval (ITI) of 15 s. Based on data from
the startle reactivity session, platform sensitivity was adjusted for each rat
to optimally detect the startle reflex and the adjusted platform gain for
each rat was used throughout all the remaining testing sessions. Adjusting
platform sensitivity prevents ‘maxing out’ of the startle response, which
occurs with high startle responses where the peak of the response is
beyond the limits of the recording software. It also allows for more
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accurate detection of low startle responses, where the response is close to
background activity. Startle reactivity data shown below were all
normalized by the platform sensitivity used for each animal, and therefore
these data are directly comparable between animals and groups.

2.6. Habituation and PPI

Following startle reactivity testing, animals underwent 5 consecutive
days of startle habituation and PPI testing to assess startle reactivity, PPI,
STH, and LTH. Each day, animals were exposed to a 5-min acclimation
period with background noise, followed by a habituation block of 20 trials
and aPPI block of 50 trials. In the habituation block, each trial consistedof a
20 ms, 110 dB white noise stimulus. Trials were separated by a fixed ITI of
15 s. Besides analyzing habituation trials on a trial-by-trial basis, STH score
was calculated from the 20 habituation trials on day 1 by dividing the
average startle amplitude on the first 5 trials by the average startle ampli-
tudeon the last5 trials (avalue>1 indicates reduced startle at the endof the
habituation block and the presence of STH). It is important to note that
initial STHmeasure across 20 consecutive trials measured at the start of the
session is different from most of the human literature and the few poly I:C
studies that measured this phenotype. In those studies, habituation was
measured as the reduction of ASR amplitude on a final block of startle-only
trials compared to thefirst block of startle-only trials, and these 2 blocks are
usually separated by a PPI block of 30–40 startle and prepulse trials (Mena
et al., 2016; Swerdlow et al., 2014; Takahashi et al., 2017).

In the PPI block, animals were exposed to either startle only trials as
described above or prepulse trials. Prepulse trials included a 4-ms long
white noise prepulse of 75 or 85 dB and preceded the startle stimulus by
an interstimulus interval (ISI) of either 30 or 100 ms. ISI was determined
as the time between the onset of the prepulse to the onset of the startle
stimulus. Ten of each of the following prepulse-ISI combinations: 75–30,
75–100, 85–30, and 85–100 were presented, totaling 40 prepulse/pulse
trials and 10 startle alone trials in a pseudorandomized order. The trials
were separated by a 15s ITI. Peak to Peak maximum startle amplitude
was measured. PPI was calculated as the amount of inhibition of startle in
prepulse trials compared to startle-only trials in the PPI block: %PPI¼ [1
- (startle magnitude with prepulse/baseline startle without prepulse in
PPI block)] � 100.

2.7. Statistical analysis

For weight and temperature analysis, separate univariate ANOVAs
were conducted for temperature change at 3 h post-injection (GD9.5
Saline n¼ 10, GD9.5 Poly I:C n¼ 9, GD14.5 Saline n¼ 3, GD14.5 Poly I:C
n ¼ 3), temperature change 24 h post-injection (GD9.5 Saline n ¼ 5,
GD9.5 Poly I:C n ¼ 7, GD14.5 Saline n ¼ 3, GD14.5 Poly I:C n ¼ 3) and
weight change at 24 h post-injection (GD9.5 Saline n ¼ 6, GD9.5 Poly I:C
n ¼ 6, GD14.5 Saline n ¼ 4, GD14.5 Poly I:C n ¼ 4). All the poly I:C
injections in these rats were using the same batch of poly I:C. Sample size
mismatch between analyses is evident because a) temperature was not
collected in one saline and one poly I:C GD14.5 dam and b) 24-h weight/
temperature could not be collected in dams that were sacrificed for qRT-
PCR analysis, which was only performed at GD9.5. Some extra dams
underwent the same injection procedure and weight/temperature mea-
surement, but their offspring or tissue were used in other studies.

Data obtained from the behavioural tests described above were
analyzed using IBM SPSS Statistics version 26 and graphed using
GraphPad Prism version 7.00 for Windows. Data were scanned for
extreme outliers (>3 interquartile ranges from the median) using the
explore function in SPSS. The most extreme outlier across multiple
behavioural tests was excluded in a litter-sex-specific manner (e.g the
most extreme GD9.5 saline male in litter 1, the most extreme GD9.5 sa-
line male in litter 2, etc.). After the exclusion of litter-sex-specific outliers,
the same outlier analysis was performed but this time in a prenatal
treatment-sex specific manner (e.g the most extreme GD9.5 saline male
across all litters, the most extreme GD9.5 poly I:C male across all litters,
3

etc.). After outlier analysis a total of 128 rats were included in the results:
24 GD9.5 saline offspring (11 males, 13 females), 37 GD9.5 poly I:C
animals (20 males, 17 females), 32 GD14.5 saline animals (16 males, 16
females) and 35 GD14.5 poly I:C animals (19 males, 16 females). All data
shown for all the different behavioural measures below represent the
same animals per litter, prenatal treatment, and sex.

For each behavioural test, a three or four-way repeated-measures
analysis of variance (ANOVA) was conducted separately for GD9.5 and
GD14.5 offspring because GD9.5 and GD14.5 testing did not occur at the
same time which may affect baseline values in our behavioural measures.
Additionally, separate ANOVAs were conducted for adolescent and adult
offspring as most of our measures are inherently influenced by weight.
Although weight was not recorded in this experiment and therefore could
not be used as a covariate in the startle reactivity analysis, unpublished
data from our lab indicates that within sex/age groups (e.g adult males),
weight fluctuations are not correlated with startle response amplitude.
All ANOVAs included sex and prenatal treatment (saline vs poly I:C) as
between-subject factors. Additional within-subject factors were included
based on the measure of interest: Stimulus intensity for startle reactivity,
trial number for STH of startle, day of testing for LTH of startle, and
prepulse intensity and ISI for PPI.

ANOVAs were inspected for high-level interactions down to main ef-
fects. Analyses that showed high-level interactions were split up into mul-
tiple sub-analyses based on which factors were involved in the interaction
(e.g after a high-level interaction of prenatal treatment, stimulus intensity
and sex, males and females were analyzed separately for effects/in-
teractions of prenatal treatment and stimulus intensity). Main effects were
computed using t-tests with Bonferroni adjustment for multiple compari-
sons. Data in Figs. 1–9 are shown as mean� standard error of the mean. In
Fig. 10, individual data points are represented asdots,with each litter being
shownas a different colour and the combineddata fromall litters are shown
in black. Also in Fig. 10, the middle line in each data set indicates the me-
dian, and the error bars represent the 25th and 75th percentiles.

2.8. Variability analysis

Between-litter variability: We quantified between-litter variability by
analyzing litter as a random factor using a variance component analysis.
In this case, random refers to the fact that our 3 or 4 litters are only a
sample of infinitely many possible litters exposed to the same treatment.
We measured the extent to which between-litter variability impacts the
total variance in the whole group while taking into account fixed factors
of sex and treatment. For example, Fig. 10C illustrates how much of the
variance in the combined group shown in black is simply due to differ-
ences between the green, purple, and red subgroups. Specifically, we
added the variance attributed to litter only and litter*treatment inter-
action in the GD9.5 and GD14.5 groups and expressed that as a ratio of
the total variance in the dataset. Litter only refers to between-litter
variability that was similarly present in both poly I:C and saline
offspring, whereas litter*treatment refers to between-litter variability
that was present to different extents in poly I:C offspring compared to
saline offspring.

Within-litter variability: To quantify the extent of the sampling bias
that can be present in instances of high within-litter variability, we
analyzed data from the first litter of each experimental group, because
those litters were not culled. Additionally, we only used PPI data, so that
males and females could be combined to obtain a bigger sample. PPI data
is normalized for each animal and there were no interactions between
prenatal treatment and sex. Using this data set, we virtually recreated the
process of culling, or randomly selecting offspring from the entire litter to
include in the PPI experiment. We generated a thousand samples using
RStudio (version 1.3.595) for every combination of sample size (2–7),
age (adolescent or adult), treatments (GD9.5 control, GD9.5 poly I:C,
GD14.5 control, GD14.5 poly I:C), and PPI parameters (prepulse-ISI of
75–30, 75–100, 85–30 or 85–100), and assessed how often the mean of
those random samples fell outside the Interquartile (IQ) range of the full



Fig. 1. Maternal poly I:C injection induces a robust cytokine response in fetal tissue. Maternal temperature was measured at 3 (A, left) and 24 (A, right) hours
following poly I:C or saline injection, whereas maternal body weight was measured ar 24 hours following injection (B). poly I:C did not influence maternal tem-
perature at 3 hours (left; p¼0.923), maternal temperature at 24 hours (right, p¼0.723) or maternal weight at 24 hours (p¼0.455) following injection. Fetal tissue was
collected 6 h after GD9.5 poly I:C or saline injection, with a total of 6 fetuses per group and 2 fetuses per dam. Poly I:C fetuses exhibited an increase in gene expression
of Interleukin-6 (p < 0.001), Interleukin-10 (p ¼ 0.007), Tumor necrosis factor α (p < 0.001) and Interferon-γ (p ¼ 0.007). N ¼ 6 per group (C).

Fig. 2. Neither GD9.5 nor GD14.5 poly I:C treatment change startle reactivity in adolescent offspring. Data is shown for both males and females from saline and
poly I:C offspring for each time point. A 3-way repeated measures ANOVA conducted separately for GD9.5 and GD14.5 adolescent offspring showed a significant effect
of stimulus intensity (p < 0.001) with no interactions or main effects associated with prenatal treatment.

Fig. 3. GD9.5 but not GD14.5 poly I:C treatment
increases startle reactivity in adult offspring
regardless of sex. Data is shown for both males and
females from saline and poly I:C offspring for each
timepoint. For GD9.5 adult offspring, a 3-way
repeated measures ANOVA showed a main effect
of prenatal treatment (p ¼ 0.007), as well as an
interaction between stimulus intensity and treat-
ment (p ¼ 0.035). Post-hoc analysis with Bonferroni
correction showed significant differences for stim-
ulus intensities of 105 and 110 dB. There was no
significant interaction between prenatal treatment
and sex (p ¼ 0.808). In contrast, a 3-way repeated
measures ANOVA conducted for GD14.5 adult
offspring showed no main effect (p ¼ 0.709) of
prenatal treatment or significant interactions asso-
ciated with it.
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Fig. 4. Neither GD9.5 nor GD14.5 poly I:C
treatment change short-term habituation
of startle in adolescent offspring. Data is
shown for both males and females from sa-
line and poly I:C offspring for each time-
point. A 3-way repeated measures ANOVA
conducted separately for GD9.5 and GD14.5
offspring showed a main effect of trial (p <

0.001 for both analyses), but no significant
main effect of prenatal treatment or in-
teractions between prenatal treatment and
sex or prenatal treatment and trial, indi-
cating short-term habituation across all
groups and no effects of either prenatal poly
I:C exposures. Insets show quantification of
short term habituation using a ratio of startle
amplitude on the first 5 trials divided by
startle amplitude on the last 5 trials, with
values > 1 indicating short term habituation
of startle.

Fig. 5. GD9.5 and GD14.5 adult offspring
exhibit similar short-term habituation to
controls, but GD9.5 offspring show a
strong trend to increased startle reac-
tivity in the first few trials of the habitu-
ation block. Data is shown for both
malesand females from saline and poly I:C
offspring for each timepoint. For GD9.5
offspring, a 3-way repeated measures
ANOVA showed strong trends for a main ef-
fect of prenatal treatment (p ¼ 0.074) and an
interaction between trial and prenatal treat-
ment (p ¼ 0.064 with Greenhouse-Geisser
correction). In contrast, there were no sig-
nificant main effects or interactions associ-
ated with prenatal treatment for GD14.5
offspring. Insets show quantification of short
term habituation using the ratio of startle
amplitude of the 5 first trials divided by the
last 5 trials.

Fig. 6. Neither GD9.5 nor GD14.5 poly I:C
treatment change adolescent startle reactivity or
long-term habituation of startle as measured by
the first 5 trials of the habituation block. Data is
shown for both males and females from saline and
poly I:C offspring for each timepoint. A 3-way
repeated measures ANOVA conducted separately
for GD9.5 and GD14.5 adolescent offspring showed
no significant main effect of prenatal treatment or
any interactions with day or sex. Interestingly, all
adolescent offspring failed to show strong long-term
habituation (p ¼ 0.797 and p ¼ 0.399 respectively
for main effect of day).

F.L. Haddad et al. Brain, Behavior, & Immunity - Health 9 (2020) 100156
litter (in Fig. 10, the IQ range is outlined between the top and bottom
error bars), i.e. the sample is not representative of the whole litter.

3. Results

3.1. Elevated cytokine gene expression in fetal tissue at 6 h following poly
I:C injection, but no changes in body weight at 24 h or temperature at 3- or
24-h following poly I:C injection

Univariate ANOVAs conducted separately for temperature change at
3 or 24 h following poly I:C showed no significant main effect of poly I:C
(Fig. 1A; 3 h: F(1,21) ¼ 0.01, p ¼ 0.923; 24 h: F(1,14) ¼ 0.131, p ¼
5

0.723) and no interaction between poly I:C and GD (3 h: F(1,21) ¼ 0.01,
p ¼ 0.923; 24 h: F(1,14) ¼ 0.003, p ¼ 0.956), indicating a similar lack of
temperature response following poly I:C in both groups.

Similarly, a univariate ANOVA conducted for body weight change at
24 h post-injection revealed no significant effect of injection (Fig. 1B;
F(1,16) ¼ 0.586, p ¼ 0.455) but a significant GD*Injection interaction
(F(1,19)¼ 4.931, p ¼ 0.041). However, post-hoc testing with Bonferroni
correction for multiple comparisons showed no significant effect of in-
jection for either GD14.5 (p ¼ 0.072 with poly I:C > saline) or GD9.5 (p
¼ 0.267 with poly I:C < saline).

In a subset of dams from the animals described above in weight and
temperature analysis, we confirmed the efficacy of the poly I:C batch



Fig. 7. GD9.5 and GD14.5 adult offspring exhibit
similar long-term habituation to controls, but
GD9.5 offspring show higher startle reactivity
across days as measured by the first 5 trials of
the habituation block. Data is shown for both
males and females from saline and poly I:C offspring
for each timepoint. For GD9.5 offspring, a 3-way
repeated measures ANOVA revelead significant
main effects of day, prenatal treatment and sex, but
no interactions between them (p < 0.001, p ¼ 0.036
and p ¼ 0.01 respectively), providing evidence for
changes in startle reactivity but not long-term
habituation. For GD14.5 offspring, a similar anal-
ysis was conducted and a 3-way interaction fol-
lowed by post-hoc testing revealed a significant
decrease in startle reactivity only on day 3 for male
poly I:C offspring, implying that these animals
exhibit stronger long-term habituation across the
first 3 days of testing but do not habituate further
into days 4 and 5.

Fig. 8. Neither GD9.5 nor GD14.5 poly I:C
treatment change PPI in adolescent offspring
across a variety of prepulse conditions. Data is
shown for both males and females from saline and
poly I:C offspring for each timepoint. A 4-way
repeated measures ANOVA conducted separately
for GD9.5 and GD14.5 adolescent offspring showed
main effects of prepulse (PP) intensity and ISI for
both groups but no main effect or interactions
associated with prenatal treatment (see text for
detailed statistics).

Fig. 9. Neither GD9.5 nor GD14.5 poly I:C
treatment change PPI in adult offspring across a
variety of prepulse conditions. Data is shown for
both males and females from saline and poly I:C
offspring for each timepoint. A 4-way repeated
measures ANOVA conducted separately for GD9.5
and GD14.5 adolescent offspring showed main ef-
fects of prepulse (PP) intensity and ISI for both
groups, but no main effect or interactions associated
with prenatal treatment, besides a significant three-
way interaction between ISI, prenatal treatment and
sex in GD9.5 offspring (see text for detailed
statistics).
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used in this experiment using qRT-PCR. This was performed on fetal
tissue collected 6 h after GD9.5 poly I:C or saline injection, and involved
measuring gene expression of pro and anti-inflammatory cytokines
commonly elevated following poly I:C. Unpaired t-tests conducted
separately for each cytokine revealed a significant increase in the fetal
gene expression of Interleukin-6 (t(10) ¼ 6.40, p < 0.001), Interleukin-
10 (t(10) ¼ 3.40, p ¼ 0.007), Tumor Necrosis Factor-α (t(10) ¼ 6.26,
p < 0.001) and Interferon-γ (t(10) ¼ 3.37, p ¼ 0.007) when compared to
saline-injected control animals (Fig. 1C).

3.2. Increased startle reactivity in the adult

Startle reactivity was measured to increasing startle stimulus in-
tensities between 70 and 110 dB in 5 dB increments. Neither GD9.5 nor
6

GD14.5 poly I:C offspring group showed changes in startle reactivity in
adolescence (Fig. 2). Three-way repeated-measures ANOVAs with stim-
ulus intensity as a within-subject factor revealed no significant in-
teractions between prenatal treatment, sex, and stimulus intensity. Main
effects of prenatal treatment and sex were also not significant, and the
only significant effect was that of stimulus intensity (GD9.5: Greenhouse-
Geisser correction applied; F(5.475,627) ¼ 79.897, p < 0.001, partial η2

¼ 0.584, ε ¼ 0.498; GD14.5: Greenhouse-Geisser correction applied;
F(5.285,682) ¼ 117.262, p < 0.001, partial η2 ¼ 0.654, ε ¼ 0.480).

In contrast, adult offspring of the GD9.5, but not of the GD14.5 poly
I:C group, exhibited increased startle reactivity independent from sex,
particularly at 105- and 110-dB stimulus intensities (Fig. 3). Three-way
repeated-measures ANOVAs with stimulus intensity as a within-subject
factor revealed no significant three-way interactions between prenatal



Fig. 10. A representation of between and within litter variability in PPI measures in our control and poly I:C offspring. Within each group, litters are depicted
by different colours and each dot represents a single animal. The black group simply contains the entire group’s data, which was used to calculate effects in the results
section. Error bars represent each group’s 25th and 75th quartiles are drawn in reference to the group’s median. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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treatment, sex, and stimulus intensity. However, there was a significant
interaction between stimulus intensity and GD9.5 prenatal treatment
(Greenhouse-Geisser correction applied; F(4.112, 627) ¼ 2.607, p ¼
0.035, partial η2 ¼ 0.044, ε ¼ 0.374). Post-hoc comparison of startle
amplitude between GD9.5 poly I:C and saline offspring at each stimulus
intensity with Bonferroni correction showed a significant increase in
startle reactivity at 105 and 110 dB stimulus intensity for GD9.5 poly I:C
offspring (p¼ 0.008 and 0.003 respectively). For GD14.5 offspring, there
was no interaction between stimulus intensity and prenatal treatment
(Greenhouse-Geisser correction applied; F(5.074, 693) ¼ 0.250, p ¼
0.941, partial η2 ¼ 0.0004, ε ¼ 0.461) and no main effect of prenatal
treatment (F(1,63) ¼ 0.141, p ¼ 0.709, partial η2 ¼ 0.002).

3.3. No changes in short-term habituation of startle

Short-term startle habituation was measured through the animals’
startle amplitude across the first 20 habituation trials on day 1 of startle
testing. All adolescent offspring showed STH, and neither GD9.5 nor
GD14.5 poly I:C treatment had an impact on STH (Fig. 4). Three-way
repeated-measures ANOVAs with trial number as a within-subject fac-
tor revealed no significant three-way or two-way interactions when
considering the factors of trial number, prenatal treatment, and sex.
However, both GD9.5 and GD14.5 offspring exhibited a main effect of
trial number, indicating STH across trials (GD9.5: Greenhouse-Geisser
correction applied; F(8.774,1083) ¼ 2.466, p ¼ 0.010, partial η2 ¼
0.041, ε ¼ 0.452; GD14.5: Greenhouse-Geisser correction applied;
F(11.417,1197) ¼ 4.467, p < 0.001, partial η2 ¼ 0.066, ε ¼ 0.601). All
offspring groups showed STH as measured by STH score values larger
than 1. Univariate ANOVAs were conducted separately for GD9.5 and
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GD14.5 offspring on the STH score with sex and prenatal treatment as
between-subject factors. Neither analysis showed significant interactions
with or main effects of prenatal treatment, indicating that neither GD9.5
nor GD14.5 impact STH score in adolescent offspring.

In adulthood, all offspring also showed STH across trials (Fig. 5).
Three-way repeated-measures ANOVAs with trial number as a within-
subject factor revealed a non-significant trend for an interaction be-
tween trial and prenatal treatment in GD9.5 offspring, potentially
pointing towards an impact of prenatal poly I:C on STH (GD9.5:
Greenhouse-Geisser correction applied; F(8.852,1083) ¼ 1.815, p ¼
0.064, partial η2 ¼ 0.031, ε ¼ 0.466; GD14.5: Greenhouse-Geisser
correction applied; F(9.697,1197) ¼ 1.480, p ¼ 0.145, partial η2 ¼
0.023, ε ¼ 0.510). STH scores were calculated as described in the pre-
vious paragraph, and univariate ANOVAs were conducted separately for
GD9.5 and GD14.5 offspring on the STH score with sex and prenatal
treatment as between-subject factors. Once again, neither analysis
showed significant interactions with or main effects of prenatal poly I:C
treatment, indicating that the trend towards a prenatal treatment and
trial interaction in GD9.5 offspring is likely due to the increased startle
reactivity in adult poly I:C offspring rather than changes in STH.

3.4. Changes of long-term habituation of startle in the adult

LTH was measured through the animals’ startle amplitude on the first
5 trials of startle testing across 5 days of testing. LTH was not impacted in
adolescent offspring (Fig. 6). Three-way repeated-measures ANOVAs
with day as a within-subject factor revealed no significant interactions or
main effects associated with prenatal treatments for either timepoint.
Interestingly, neither adolescent groups showed a main effect of day



Table 1
Between litter variability in 7 startle phenotypes. All values in the table
represent the percent variance component of litterþ litter*treatment within each
prenatal exposure group (GD9.5 or GD14.5).

Average across all animals for each measure

Startle Reactivity 11.3%
Habituation Score 3.1%
Startle Baseline on Day 1 8.1%
PPI 18.6%
Average across all measures for each exposure timing
GD9.5 9.6%
GD14.5 18.1%
Measure and age-specific

GD9.5 GD14.5
Adolescence: Average across all 7 measures 11.5% 15.7%
Startle Reactivity to 110 dB 0.0% 22.8%
Habituation Score 5.1% 7.3%
Startle baseline (average of first 5 trials) on day 1 19.2% 0.0%
PPI
75–30 3.9% 19.5%
75–100 14.1% 27.7%
85–30 0.7% 6.6%
85–100 37.7% 26.3%
Adulthood: Average across all 7 measures 7.7% 20.4%
Startle Reactivity to 110 dB 22.5% 0.0%
Habituation Score 0.0% 0.0%
Startle baseline (average of first 5 trials) on day 1 1.6% 11.6%
PPI
75–30 7.8% 14.1%
75–100 7.2% 44.6%
85–30 15.0% 29.0%
85–100 0.0% 43.4%

F.L. Haddad et al. Brain, Behavior, & Immunity - Health 9 (2020) 100156
(GD9.5: Greenhouse-Geisser correction applied; F(3.408,228) ¼ 0.416, p
¼ 0.766, partial η2 ¼ 0.007, ε ¼ 0.852; GD14.5: Greenhouse-Geisser
correction applied; F(3.438,252) ¼ 1.018, p ¼ 0.392, partial η2 ¼
0.016, ε ¼ 0.859), indicating a lack of long-term habituation in all
groups, which may be attributed to the offspring’s age or the nature of
protocol used.

In adulthood, startle reactivity was increased in the GD9.5 poly I:C
group (see above), but there was no change in LTH (Fig. 7). In the GD14.5
poly I:C group, the rate but not extent of LTH was changed in males.
Three-way repeated-measures ANOVAs conducted for GD9.5 offspring
with day as a within-subject factor revealed significant main effects of
prenatal treatment (F(1,57)¼ 4.616 p¼ 0.036), sex (F(1,57)¼ 12.237, p
¼ 0.001) and day (F(4,228) ¼ 5.690, p < 0.001) with no interactions
between the 3 factors. These results indicate that while startle amplitude
is generally increased across all 5 days in GD9.5 poly I:C offspring, LTH is
intact, although generally weak LTH in females may be a confound
(Fig. 7). A similar analysis conducted for GD14.5 offspring revealed a
significant three-way interaction between prenatal treatment, sex, and
day (F(4,232) ¼ 5.627, p < 0.001). Two-way repeated-measures
ANOVAs were then conducted separately for GD14.5 males and females
and those revealed a significant interaction between prenatal treatment
and day in male offspring (F(4,112) ¼ 3.321, p ¼ 0.013). Post-hoc
comparison with Bonferroni correction showed a significant decrease
in startle amplitude for GD14.5 poly I:C males on day 3 (p ¼ 0.019),
potentially indicating faster LTH, although the total habituation after 5
days of testing was unchanged as evidenced by a lack of difference in
startle amplitude on days 1 and 5.

3.5. No changes in prepulse inhibition of startle

PPI was measured on day 1 of startle testing with a variety of prepulse
intensities and ISI. Four-way repeated-measures ANOVAs with prepulse
intensity and ISI as within-subject factors revealed no significant in-
teractions with or main effects of prenatal treatment in adolescent
offspring of the GD9.5 or GD14.5 poly I:C group (Fig. 8). Higher pre-
pulses and shorter ISIs were associated with increased PPI across all
groups (GD9.5 prepulse main effect F(1,57) ¼ 22.239, p < 0.001; GD9.5
ISI main effect F(1,57) ¼ 6.110, p ¼ 0.016; GD14.5 prepulse main effect
F(1,63) ¼ 72.062, p < 0.001; GD14.5 ISI main effect F(1,63)¼ 12.482, p
< 0.001).

Four-way repeated measures ANOVAs conducted for adult GD9.5
offspring with prepulse intensity and ISI as a within-subject factors
revealed a significant three-way interaction between ISI, prenatal treat-
ment, and sex (F(1,57) ¼ 4.483, p ¼ 0.039). Three-way repeated-mea-
sures ANOVAs were then conducted separately for GD9.5 males and
females and those revealed a significant interaction between ISI and
prenatal treatment in female offspring (F(1,28)¼ 6.824, p¼ 0.014) with
a trend for increased PPI in poly I:C offspring at 30 ms ISI, but the result
did not reach statistical significance after Bonferroni correction for
multiple comparisons (F(1,28)¼ 3.740, p¼ 0.063). A similar analysis for
adult GD14.5 offspring revealed no significant interactions or main ef-
fects associated with prenatal treatment (Fig. 9).

3.6. Variability analysis

In the process of data analysis, we noticed instances of high variability
of some measures between litters of the same experimental group, and
also within specific litters (Fig. 10). In the next section, we attempt to
describe the extent to which between- and within-litter variability
impacted our results.

3.6.1. Between-litter variability
To have an estimate on the extent to which between-litter variability

impacts the total variance in the whole group, we performed a variance
component analysis. The results are shown in Table 1. When considering
all 7 measures and ages, between-litter variability accounted for 18% of
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the variance in GD14.5 offspring data (saline and poly I:C offspring
combined), but only 9.6% of the variance in GD9.5 offspring data.
Between-litter variability was also more prominent in adolescence in
GD9.5 offspring data (11.5% compared to 7.7% in adulthood) and in
adulthood in GD14.5 offspring data (20.4% compared to 15.7% in
adolescence). Splitting up by phenotype, the between-litter effects do not
impact all behavioural measurements to the same extent. For example,
between-litter variability accounted for approximately 18.6% of all PPI
variance (averaged across ages, treatments, parameter subtypes), but
only about 3% of all habituation score data variance. Even within the
same paradigm (PPI), between-litter effects were different across
different testing parameters, most prominently seen in GD14.5 adult
offspring, where almost half of the data’s variance (44%) was attributed
to between-litter effects in conditions with an ISI of 100 ms.

3.6.2. Within-litter variability
When looking closely at individual litters, we observed that even

within the same experimental group, one litter’s data could be much
more variable compared to another litter (Fig. 10B). For example, as
depicted in Fig. 10D, choosing the two animals tagged by arrows would
provide a biased overestimate of litter 1’s PPI phenotype at 75 dB pre-
pulse and 100 ms ISI, which we refer to as sampling bias.

Fig. 11 shows the percentage of samples, drawn from litter 1 of each
group, that had a mean falling outside the IQ range of the full litter (Y-
axis, probability of obtaining a biased sample). It clearly shows that
testingmore animals per litter reduces the probability of obtaining biased
estimates of the litter’s phenotype. This relationship holds regardless of
age or prenatal treatment. Despite all lines in Fig. 11 following a similar
downward trajectory with an increased sample size, there is still some
variation between different groups (differences between symbols within
the same graph), which could be attributed to each group’s data distri-
bution. We wanted to see precisely which aspects of a full litter’s data
could explain this variation. For example, perhaps it is more likely to pick
biased samples from a litter whose data has a higher standard deviation,
or whose data is not normally distributed. For this purpose, we split up all
the PPI conditions to obtain more datasets, each with their unique



Fig. 11. The probability of a random sample of
2–7 animals picked out from litter 1 of each
group to produce a biased estimate of the litter’s
PPI phenotype Data was averaged across all 4 PPI
conditions (prepulse-ISI combinations) used in our
experiment. A biased estimate was considered to be
a sample mean falling outside of the full litter’s IQ
range. A thousand random samples of size 2–7 were
generated from each group’s first litter, where ani-
mals were not culled, for each PPI condition. Each
sample’s average was compared to the full litter’s
25th and 75th quartiles for that PPI condition. The
number of samples out of 1000 that fell above the
75th or below the 25th quartiles averaged across all
4 PP-ISI conditions is represented on the Y-axis.
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distribution. We found a positive correlation between the probability of
obtaining a biased sample and the kurtosis or absolute skewness of the
litter’s data, regardless of the sample size (Supplementary Table 2 and
supplementary figure 2 for a graphical representation for sample size of
2). Skewness and kurtosis are both measures of normality and give an
idea of the shape of the distribution. For example, in Fig. 10D, the litter 3
(green) is relatively non-skewed, with the top and bottom quartile bars
being a similar distance from themedian, whereas litters 2 and 4 (red and
purple) are skewed in different directions. To interpret this correlation
using our results, the odds of a sample chosen from litter 2 mis-
representing litter 2’s full data are higher than the odds of a sample
chosen from litter 3 misrepresenting litter 3’s full data.

4. Discussion

In this study, we thoroughly investigated phenotypes associated with
the baseline startle reflex and its modulations in animals exposed to
prenatal immune activation using poly I:C. Acoustic startle reactivity,
habituation, and PPI are all common phenotypes measured in ASD and
schizophrenia clinical studies, two disorders that have been repeatedly
linked with an increased risk after maternal infection. We report a
robustly increased startle response amplitude in offspring after an early
(GD9.5) maternal immune activation, but not after GD14.5. We did not
find any consistent effects on STH or LTH, nor PPI of startle.
4.1. Immune response following poly I:C

In our study, neither GD9.5 nor GD14.5 influenced maternal body
weight at 24 h post-injection, which conflicts with previous studies using
similar MIA rat models (Chou et al., 2015; Howland et al., 2012; Murray
et al., 2017; Sangha et al., 2014; Zhang et al., 2012). Similarly, we did not
detect changes in maternal temperature at 3 h following poly I:C, which
has previously been shown following 5 mg/kg of poly I:C (Murray et al.,
2019). However, others have reported no significant changes in body
weight gain (Vernon et al., 2015) or temperature (Murray et al., 2017;
Sangha et al., 2014), following poly I:C administration, although the
latter 2 studies measured maternal temperature at 8 h.

Overall, we conclude that maternal temperature and body weight
gain following poly I:C are unreliable measures of the maternal immune
response, especially given our confirmation of a robust gene expression
response in fetal tissue 6 h following administration of the same batch of
poly I:C in GD9.5 dams, which suggests that the poly I:C used in this
experiment contained sufficient amounts of high molecular weight
strands known to induce a cytokine response at 6 h post-injection
(Careaga et al., 2018). Although we did not conduct a similar gene
expression test in GD14.5 dams, there is ample evidence to support the
efficacy of poly I:C when injected at GD14.5 (Haddad et al., 2020) and
little to suggest that poly I:C leads to substantially different immune re-
sponses when injected at different gestational time points in rats.
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4.2. Startle reactivity

Our data show that GD9.5 but not GD14.5 poly I:C administration
increases startle reactivity in the offspring in adulthood. Previous studies
investigating startle reactivity in adults with ASD have reported an in-
crease in startle reactivity to 110 dB startle stimuli, as well as an increase
in the probability of startle to 80 dB prepulse stimuli (Kohl et al., 2014).
In our study, GD9.5 poly I:C offspring also exhibited an increase in startle
reactivity to 110 dB stimulation (Fig. 3). However, startle amplitude was
unchanged at lower stimulus intensities and due to the methods of data
acquisition, we were unable to accurately determine the probability of
startle for these stimuli. One limitation of the GD9.5 poly I:C model in
replicating startle reactivity changes seen in ASD is the relatively late
phenotype manifestation. Startle reactivity is increased in children and
adolescents with ASD to sounds as quiet as 65 dB (Takahashi et al., 2016,
2014) whereas our adolescent GD9.5 poly I:C offspring did not exhibit
changes in startle reactivity to any sounds in the range of 65–120 dB.

The majority of poly I:C studies that investigated startle reactivity in
GD9.5 poly I:C offspring report no change in this phenotype (Meyer et al.,
2010; Vuillermot et al., 2011; Meehan et al., 2017), although some
conflicting reports of increased reactivity exist (Kim et al., 2018). We
believe our startle reactivity measurements are more sensitive to
detecting changes in ASR amplitude than previous poly I:C studies, since
we measure the ASR amplitude in a separate session with a minimum
number of trials to avoid any effects of STH on our readout. Our STH
results show that habituation is intact in GD9.5 poly I:C offspring and
could therefore mask the startle reactivity changes if reactivity is
measured using an average that includes habituated trials. Our STH
curves indicate by the 10th trial of our habituation block, startle reac-
tivity is indistinguishable between GD9.5 poly I:C and control offspring
(Fig. 5). In further support of this notion, ASR amplitude to startle only
trials during the PPI block of our experiment was not significantly
different between GD9.5 poly I:C and control offspring (data not shown).
We also did not detect significant changes in ASR amplitude at 120 dB,
suggesting that a ceiling effect may prevent the detection of reactivity
changes in poly I:C rodent studies. Furthermore, previous poly I:C studies
almost exclusively utilize 120 dB startle stimuli that are 40ms in duration
(Kim et al., 2018; Meyer et al., 2008; Song et al., 2011; Van den Eynde
et al., 2014; Wolff and Bilkey, 2010; Zhang and van Praag, 2015). Our
choice of a less intense 20 ms, 110 dB stimulus may therefore be more
suitable to detect changes in startle reactivity.
4.3. Startle habituation

Neither GD9.5 nor GD14.5 poly I:C influenced STH in the offspring, as
measured by the decrease in startle reactivity over 20 consecutive startle-
only trials (Figs. 4 and 5), and this is in line with the handful of poly I:C
studies that investigated STH (Meyer et al., 2005; O’Leary et al., 2014;
Wolff and Bilkey, 2008; Zhang and van Praag, 2015). These findings are
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more akin to normal habituation in ASD (Ebishima et al., 2019; Kohl
et al., 2014; Takahashi et al., 2017) as compared to habituation deficits
sometimes observed in patients with schizophrenia (Meincke et al., 2004;
Mena et al., 2016). However, some conflicting evidence reporting normal
habituation in schizophrenia does exist (Oranje and Glenthøj, 2013;
Swerdlow et al., 2014). As described in the methods section, we took a
different approach to measure STH compared to previous studies. We
believe our consideration of all trials in the habituation block, which
occurs at the beginning of the testing session, gives a better representa-
tion of trial-by-trial STH and also more clearly identifies the presence or
absence of startle sensitization (e.g Fig. 4 GD9.5 Females trials 15–17),
which often occurs in later trials and may confound startle habituation
scores.

In contrast to STH, LTH of startle has been rarely studied in poly I:C
studies. Our results show that similar to STH, LTH is not influenced by
prenatal exposure to GD9.5 or GD14.5 poly I:C (Figs. 6 and 7). Typically,
LTH is not part of human startle testing protocols, likely due to the dif-
ficulty of bringing in patients for recurrent testing across days. However,
one previous report of normal LTH in individuals with ASD (Ornitz et al.,
1993) is in line with our results. We also found that adolescent animals,
regardless of prenatal treatment, did not exhibit substantial LTH across
testing days (Fig. 6), which may be related to the developmental time
course of habituation mechanisms. For example, Pletnicov et al. (1995)
showed that pre-weanling rats exhibit STH but not LTH of acoustic
startle. In contrast, adult offspring demonstrated robust LTH across 5
days of testing, as shown by a decrease in startle baseline amplitude
measured as an average of the first 5 trials across test days (Fig. 7).
Interestingly, GD14.5 poly I:C males showed faster LTH than controls,
although the significance of this result is diminished by the observation
that controls only required one more day to reach a similar degree of
LTH.

4.4. Prepulse inhibition of startle

To our surprise, neither GD9.5 nor GD14.5 poly I:C treatment showed
a consistent impact on PPI in adolescent or adult offspring. The closest
trend to a significant effect was an increase in PPI at 30-ms ISI in adult
GD9.5 poly I:C females, although the effects were not significant after
adjustment for multiple comparisons. Since startle reactivity was indis-
tinguishable between groups at the end of the habituation block (Figs. 4
and 5), we do not assume that changes in baseline startle reactivity
impacted PPI. In the context of ASD and schizophrenia, the two disorders
most commonly linked with MIA, these findings are more similar to re-
ports of no change in PPI in ASD (Ebishima et al., 2019; Madsen et al.,
2014; Oranje et al., 2013; Takahashi et al., 2016) as opposed to the
overwhelming evidence of PPI disruptions in schizophrenia (Csomor
et al., 2009; Hammer et al., 2011; Swerdlow et al., 2018, 2014).

The lack of PPI disruption in our study is in contrast to previous re-
ports of decreased PPI in GD9.5 (Meehan et al., 2017; Meyer et al., 2008;
Vuillermot et al., 2011) and GD14.5 (Luchicchi et al., 2016; Wolff and
Bilkey, 2010; Zhang and van Praag, 2015) poly I:C studies. However,
there are also numerous reports of no changes in PPI for either GD
(Abazyan et al., 2010; Ballendine et al., 2015; Chou et al., 2015; Gray
et al., 2019; Lipina et al., 2013; Missault et al., 2014; Vorhees et al.,
2012). It is important to note that early timepoints of poly I:C exposure
such as GD9.5 are not well studied in rats, as discussed in a recent review
that classified studies based on poly I:C exposure categories of dose,
timing, and route of administration (Haddad et al., 2020). Moreover,
contrasting rat data to mouse data is not straightforward, given the slight
but substantial difference in developmental timeline across the two
species (http://translatingtime.org; Haddad et al., 2020).

We confirmed the efficacy of the poly I:C we used in eliciting an
innate immune response in a subset of dams injected with poly I:C at
GD9.5 (Fig. 1). Despite not performing this analysis in GD14.5 dams,
previous studies support the efficacy of poly I:C administered using
similar procedures at GD14.5 in rats (Clark, 2019; Gray 192). Similar
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dosing and administration methods are followed in virtually all GD14.5
poly I:C rat literature (see Haddad, 2020 for review), and we are not
aware of literature that suggests different poly I:C responses based on
gestational timing in rats. Therefore, we can rule out that the poly I:C we
used was ineffective.

Our PPI protocol contained shorter stimulus durations for both the
startle pulse (20 ms compared to the most commonly used 40ms) and the
prepulse (4 ms compared to the most commonly used 20 ms). Shorter
prepulses produce less intense PPI (Reijmers and Peeters, 1994). As a
result, our shorter prepulses may have lowered the baseline PPI values
across all groups, making it more difficult to detect subtle differences in
PPI between groups. We intentionally chose shorter prepulse durations to
reduce PPI and avoid ceiling effects when using shorter ISIs of 30 ms,
which typically produce greater PPI compared to longer (and more
commonly used) ISIs of 100 ms (Azzopardi et al., 2018; Schmid et al.,
2011; Valsamis and Schmid, 2011; Yang et al., 2016). Additionally, we
did not include an intermediate prepulse between 75 and 85 dB to avoid
a large number of trials, which often leads to extensive habituation that
makes it difficult to detect the startle response. Some studies also indicate
that PPI phenotypes may differ if the startle stimulus intensity is changed,
which could explain the variability in PPI findings across studies
(Weber-Stadlbauer et al., 2017; Mueller et al., 2018; Luan et al., 2018;
Vuillermot et al., 2010).

4.5. Variability analysis

Litter variability has been a topic of discussion in toxicology and
neurodevelopmental models for several decades, specifically in relation
to models that investigate prenatal exposures such as poly I:C (Golub and
Sobin, 2020)). Within the poly I:C literature, there is a trend towards
increasing the number of litters and reducing the number of pups used
per litter, typically 1–2 animals are used per litter (e.g see recent poly I:C
literature: Clark et al., 2019; De Felice et al., 2018; Di Biase et al., 2020;
Haida et al., 2019; Kleinmans and Bilkey, 2018; Purves-Tyson et al.,
2019; Zhang et al., 2019). In this case, within-litter variability has im-
plications for whether the chosen rats are representative of the litter’s
phenotype. Alternatively, between-litter variability has implications for
whether the full group’s phenotype is attributable to the treatment or is
simply an artifact of differences between litters. We therefore attempted
to analyze between- and within-litter variability in our results to high-
light important considerations for the poly I:C MIA field.

Overall, between-litter variability was more evident in GD14.5 data,
particularly for PPI (Table 1). This may have masked our ability to fully
decipher the effects of poly I:C on PPI and may be the reason why our
findings of no change in PPI conflict with some previous reports of PPI
disruption. In support of this notion, the vast majority of poly I:C liter-
ature measures PPI with 100 ms ISI, which is where we found the biggest
between-litter variability in GD14.5 offspring (approximately 44%,
Fig. 10C and D). The high between-litter variability seems problematic in
that it increases the variation of the final outcome. It makes PPI a rela-
tively unreliable measure, especially when a limited number of litters are
tested. It has been shown that there is a strong genetic component to PPI
(Schwabe et al., 2007), whichmight cause the large between-litter effects
in these outbred rats. Moreover, there might be a differential suscepti-
bility to poly I:C, so differences in impact of poly I:C MIA on PPI may help
uncover factors that exacerbate or protect against MIA. Future studies
can account for between-litter variability by conducting a similar vari-
ance component analysis to ours or by analyzing data using mixed
models that consider litter as a random factor.

In addition to between-litter variability, within-litter variability has
many implications for experimental designs where litters are culled, or
only 1–2 animals are used per litter for the experiment. The most crucial
observation from our within-litter analysis (Fig. 11) is that picking only
two or three pups out of a litter for testing leads to a high probability of a
biased sample (up to 30% for large litters) that are not representative of
the full litter’s data, whereas measuring just over half of the litter (5/9 or

http://translatingtime.org
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7/13) almost fully eliminates the probability of the sampled group of
animals over or underestimating the full litter’s phenotype. We also show
that litter data with skewness and kurtosis values that indicate deviation
from normality are more likely to produce biased samples (see supple-
mental table and figure S2). Therefore, at least half of an average litter
should be tested for an accurate representation of the effects of poly I:C
on the offspring. Additionally, if a behavioural test is known to produce
skewed data in littermates, more animals per litter should be tested to
minimize sampling bias.

In summary, we here show that baseline startle reactivity is the only
startle-related phenotype that is robustly altered in poly I:C offspring,
whereas STH, LTH, and PPI were unaffected in our study. Moreover, our
study supports previous evidence highlighting the importance of MIA
timing (Li et al., 2009; Meyer et al., 2008; Richetto et al., 2017), as startle
reactivity changes were present in offspring exposed to GD9.5 but not
GD14.5 poly I:C. Finally, our study quantifies the potential impact of
between- and within-litter variability on MIA results, suggesting that at
least half the average litter size should be tested and that litter should be
included rather than avoided in statistical analysis to fully understand the
effects of MIA on offspring behavior.
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