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A B S T R A C T   

Influenza A virus (IAV) infection during pregnancy can increase the risk for neurodevelopmental disorders in the 
offspring, however, the underlying neurobiological mechanisms are largely unknown. To recapitulate viral 
infection, preclinical studies have traditionally focused on using synthetic viral mimetics, rather than live IAV, to 
examine consequences of maternal immune activation (MIA)-dependent processes on offspring. In contrast, few 
studies have used live IAV to assess effects on global gene expression, and none to date have addressed whether 
moderate IAV, mimicking seasonal influenza disease, alters normal gene expression trajectories in different brain 
regions across different stages of development. Herein, we show that moderate IAV infection during pregnancy, 
which causes mild maternal disease and no overt foetal complications in utero, induces lasting effects on the 
offspring into adulthood. We observed behavioural changes in adult offspring, including disrupted prepulse 
inhibition, dopaminergic hyper-responsiveness, and spatial recognition memory deficits. Gene profiling in the 
offspring brain from neonate to adolescence revealed persistent alterations to normal gene expression trajectories 
in the prefronal cortex, hippocampus, hypothalamus and cerebellum. Alterations were found in genes involved in 
inflammation and neurogenesis, which were predominately dysregulated in neonatal and early adolescent 
offspring. Notably, late adolescent offspring born from IAV infected mice displayed altered microglial 
morphology in the hippocampus. In conclusion, we show that moderate IAV during pregnancy perturbs neu
rodevelopmental trajectories in the offspring, including alterations in the neuroinflammatory gene expression 
profile and microglial number and morphology in the hippocampus, resulting in behavioural changes in adult 
offspring. Such early perturbations may underlie the vulnerability in human offspring for the later development 
of neurodevelopmental disorders, including schizophrenia. Our work highlights the importance of using live IAV 
in developing novel preclinical models that better recapitulate the real-world impact of inflammatory insults 
during pregnancy on offspring neurodevelopmental trajectories and disease susceptibility later in life.   

1. Introduction 

Severe influenza A virus (IAV) infection during pregnancy is 

associated with adverse maternal outcomes and, despite no evidence of 
vertical transmission by the virus from mother to foetus (Liong et al., 
2020; Kanmaz et al., 2011), the infection can trigger both acute and 
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chronic health consequences to the offspring (Mazumder et al., 2010; Li 
et al., 2014; Doyle et al., 2013; Khandaker et al., 2013). Short-term 
consequences to the offspring include being born small for gestational 
age (SGA), preterm birth and still birth (Doyle et al., 2013). Although 
severe IAV infection is well linked to adverse pregnancy complications, a 
recent epidemiological study has shown that seasonal influenza infec
tion during pregnancy (without requiring hospitalisation) also increases 
the risk of late pregnancy loss and reduced mean birthweight among 
term infants. This highlights that even “mild” influenza infections that 
do not require hospitalisation can also carry adverse pregnancy risks 
(Dawood et al., 2021). In addition, epidemiological studies have re
ported long-term consequences, including reports of a 7-fold increase in 
the risk of developing schizophrenia in adulthood in children of mothers 
with serologically documented prenatal exposure to IAV during the first 
trimester of pregnancy (Brown et al., 2004). Preclinical rodent studies 
have also established a link between maternal IAV infection with altered 
behavioural, biochemical, and morphological changes in the adult 
offspring brain (Fatemi et al., 2002; Shi et al., 2005). It is postulated that 
these complications in offspring associated with maternal IAV infection 
are driven by maternal immune response hyperactivation rather than a 
direct cause of the virus, given that IAV does not directly infect the 
foetus in utero (Shi et al., 2005). 

One of the first preclinical models to study the effect of maternal 
immune activation (MIA) on neonatal neurodevelopment utilised 
influenza viruses (Fatemi et al., 1999; Fatemi et al., 2002; Fatemi et al., 
1998). However, more recently most of our knowledge on the effects of 
maternal immune activation (MIA) on offspring neuroinflammatory 
profiles and cognitive behaviour in adolescence has been derived from 
preclinical animal studies using the synthetic viral double-stranded RNA 
mimetic, polyinosinic-polycytidylic acid (poly(I:C)), rather than by use 
of actual live IAV (as reviewed by (Brown and Meyer, 2018; Meyer et al., 
2009). One major difference between the two models is the route of 
administration, i.e., IAV is a respiratory infection occurring via the nasal 
passages, whereas poly(I:C) is given systemically via intravenous in
jection. Perhaps more pertinently, another significant difference be
tween the models is that poly(I:C) is not a replicating stimulus, resulting 
in a transient immune response with no antibody generation and a 
relatively short-lived cytokine storm (Meyer et al., 2006; Mueller et al., 
2018; Reisinger et al., 2015). In contrast, IAV infection drives an innate 
and adaptive immune system response characterised by a cytokine and 
vascular storm (Liong et al., 2020) and antibody generation, some of 
which can cross the placenta to the offspring. Furthermore, epidemio
logical studies have reported stronger links to schizophrenia risk asso
ciated with maternal exposure to single-stranded RNA viruses, such as 
IAV and rubella (Brown et al., 2006). More recently, there is also evi
dence to suggest that the choice of agent used to activate key pattern 
recognition receptors (PRR) in the immune system, specifically toll-like 
receptor-3 (TLR3) and toll-like receptor-7 (TLR7), results in different 
neurobiochemical changes and behavioural trajectories in the offspring 
(Kwon et al., 2021; Missig et al., 2020). For instance, although IAV is 
initially recognised via TLR7, double-stranded RNA produced by repli
cating IAV will also activate TLR3 (Le Goffic et al., 2007). In contrast, 
poly(I:C) specifically activates TLR3 only. For these reasons, preclinical 
rodent models should have greater translatability in understanding 
changes that affect the developing offspring brain, as well as the 
resulting impacts on behavioural trajectories, if they involve the use of 
live IAV, rather than synthetic analogues such as poly(I:C). 

A recent study examining the effect of moderately pathogenic 
maternal IAV infection on foetal brain inflammation from embryonic 
day (E)17 offspring did not find evidence for whole brain neuro
inflammation (Antonson et al., 2021). However, assessment of neuro
inflammation in the whole brain at a single timepoint cannot address the 
potential of region-specific changes or gene transcriptional trajectories 
in the offspring brain in response to maternal IAV infection over time. 
Herein, we characterised the effect of maternal IAV infection on 
behaviour, measuring Y-maze spontaneous alternation, prepulse 

inhibition (PPI) of acoustic startle response, and amphetamine induced 
locomotor activity (LMA) in the adult offspring (P77 [week 11] – P98 
[week 14]). We also characterised the temporal effects of moderate 
maternal IAV infection on genes involved in neuroinflammation in the 
offspring. The prefrontal cortex, hippocampus, hypothalamus and cer
ebellum were dissected from the offspring at 3 different age intervals 
(Laviola et al., 2003), representing neonatal (postnatal day [P]5), early 
adolescence (P21) and late adolescence (P56). 

In the present study, we show that gestational IAV initiates long 
lasting perturbations in the neurodevelopmental trajectories in the 
offspring, characterised by neuroinflammatory gene expression alter
ations and microglial number and morphology changes in the hippo
campus, which underpin behavioural modifications in adult offspring. 
These early perturbations are likely to influence the vulnerability of 
human offspring to neurodevelopmental disorders, including schizo
phrenia. Although poly(I:C)-based preclinical models have been 
instrumental in the MIA field, it is advantageous to compare different 
infection models to identify overlapping and/or immunogen-specific 
pathways when assessing MIA and its impact on offspring neuro
development. In this study, we utilised an IAV-based preclinical MIA 
model to assess the role of IAV-induced inflammation on offspring 
neurodevelopmental trajectories and disease susceptibility later in life. 
Our study also provides a unique pre-clinical, translational model to 
assess novel pharmacological interventions to restore the neuro
developmental trajectories that have been perturbed by gestational 
influenza. 

2. Materials and methods 

2.1. Virus 

Mouse-adapted influenza A virus strain HKx31 (H3N2), is a reas
sortment virus that contains the 6 internal proteins from PR/8/34 (PR8; 
H1N1) and the surface hemagglutinin and neuraminidase glycoproteins 
from A/Achi/2/68 (H3N2). HKx31 virus was grown in 10-day old 
embryonated chicken eggs and quantified by standard plaque assay 
using MDCK cells (expressed as plaque forming units (PFU/mL)). 

2.2. Animals 

The experiments were conducted at two sites, the Royal Melbourne 
Institute of Technology University (RMIT) and the Monash Institute of 
Pharmaceutical Sciences (MIPS). All animal experiments were con
ducted in compliance with the guidelines of the National Health and 
Medical Research Council (NHMRC) of Australia on animal experi
mentation and approved by the Animal Ethics Committee of each 
institution (RMIT AEC# 1801, 24336 and MIPS AEC # 22766). For the 
RMIT cohort, 8–12 weeks old time mated pregnant C57Bl/6J mice at 
E11 were sourced from Animal Research Centre (ARC; Western 
Australia, Australia), and followed the maternal immune activation 
(MIA) model reporting guidelines checklist based on the ARRIVE 
Guidelines and CONSORT (Kentner et al., 2019). For the MIPS cohort, 
8–10 weeks old C57Bl/6J non-pregnant female mice were sourced from 
the Monash Animal Research Platform (MARP, VIC, Australia). They 
were time-mated within the MIPS animal facility near to the animal 
behavioural testing facilities. Dams were individually housed in micro- 
isolator cages and provided with standard mouse chow diet and water 
ad libitum. Mice were kept under standard 12-h light:12-h dark cycle 
(07:00–19:00) at an ambient temperature of 22 ◦C, with humidity be
tween 40 and 60 %. Dams at E12 gestation were anesthetised with 
isoflurane and randomly assigned to be intranasally inoculated with 
either 35 µl of 103 PFU of HKx31 or mock infected with phosphate 
buffered saline (PBS) (Day 0) (RMIT: n = 10 PBS, n = 13 IAV; MIPS: n =
4 PBS, n = 7 IAV) as previously described (Liong et al., 2020). Dams 
were individually housed, and maternal body weights were recorded 
from Day 0 (E12 gestation) until Day 4 (E16 gestation) post-infection, 
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otherwise dams were left undisturbed until delivery (approx. E19-E20 
gestation). Offspring were weaned at 3–3.5 weeks old. For the RMIT 
cohort, between 2 and 4 offspring per litter were randomly assigned for 
tissue collection at P5, P21 or P56 weeks of age. For the MIPS cohort, all 
animals underwent a battery of behavioural testing between 11 and 14 
weeks of age. Each n refers to an individual mouse. It is noteworthy both 
cohorts of dams showed similar retarded growth rates post IAV inocu
lation (Supplementary Fig. 2C), thus showing consistency of the infec
tion effect across the different institutions. 

2.3. Bronchoalveolar lavage (BAL) fluid 

To confirm airway inflammation, dams were euthanised at Day 6 
post-infection via an intraperitoneal injection of ketamine (180 mg/kg) 
/ xylazine (32 mg/kg) mixture. BAL fluid was collected as previously 
described (Liong et al., 2020). Briefly, a small incision made near the top 
of the trachea and a sheathed 21-Gauge needle was inserted into the 
lumen. The lungs were then lavaged with PBS. The number of total live 
cells from the collected BAL was counted on a hemocytometer. 

2.4. Wire myography 

Wire myography was performed as previously described (Liong 
et al., 2020). Briefly, perivascular adipose tissue was removed from the 
aorta. Vessels were cut into 2 mm ring segments and mounted onto pins 
on a wire myography bath. Endothelium-dependent relaxation to 
acetylcholine (ACh) was assessed in aorta that were sub maximally 
contracted with the thromboxane mimetic U46619. 

2.5. RNA extraction and cDNA synthesis 

Cerebellum, hippocampus, hypothalamus and the prefrontal cortex 
were dissected from offspring brains at different developmental stages: 
P5 (neonatal), P21 (early adolescent) and P56 (late adolescent). Brains 
from P56 offspring were sagittally hemisected through the midline. The 
left hemisphere was dissected over ice and key brain regions were 
immediately snap-frozen in liquid nitrogen and stored at − 80 ◦C. The 
right hemisphere was fixed in 4 % paraformaldehyde in PBS overnight 
and then transferred into 20 % sucrose for cryoprotection. Brain samples 
were homogenized in 1 mL of TRIzol solution (ThermoFisher Scientific, 
MA USA) using the TissueLyserLT (Qiagen, Valencia, CA, USA). Total 
RNA was extracted using the RNeasy Mini kit (Qiagen) as per manu
facturer’s instructions. RNA samples were converted to cDNA using the 
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, 
USA) as previously described (Liong et al., 2020). 

2.6. Quantitative real-time polymerase chain reaction (qPCR) 

Gene expression was quantified using pre-designed TaqMan primers 
(ThermoFisher Scientific; Supplementary Table 1) and the TaqMan 
Universal PCR Master Mix (Applied Biosystems). The quantitative values 
were obtained from the threshold cycle (Ct) number. Gene expression 
analysis was performed using the comparative Ct method (Schmittgen 
and Livak, 2008). Each target gene expression was normalised against 
either GAPDH (hypothalamus and prefrontal cortex) or the ratio of 
GAPDH/PGK1 (cerebellum and hippocampus) mRNA expression as 
housekeeping controls. Supplementary Fig. 3 shows the stability of Ct 
values of the chosen housekeeping genes for each brain region. Deter
mination of the expression ratio between two genes was performed 
using the method described in (Gordon et al., 2003). For genes that were 
differentially expressed with offspring sex, fold changes were calculated 
based on the PBS P5 male group set to 1. For genes that showed no 
interaction with offspring sex, fold changes were calculated either on the 
PBS P5 group (pooled male and female samples) set to 1. 

2.7. Iba-1 immunofluorescence staining 

Brains were coronally cut into 30 μm sections in a one-in-five series 
using a cryostat (Leica Biosystems, VIC, AUS). Iba-1 immunofluorescent 
staining was performed as previously described (De Luca et al., 2022). 
Briefly, sections were incubated with rabbit anti-Iba-1 primary antibody 
(1:1000, AB_2314666; Wako Chemicals, VA, USA) overnight at 4 ◦C and 
then incubated with a fluorescent anti-rabbit secondary antibody 
(1:400, AB_221544; Life Technologies, CA, USA). Two sections 60 μm 
apart between 1.70 and 2.18 mm relative to the bregma were analysed. 
Iba-1 images were assessed blindly for numbers and area per cell density 
using Image J software. 

2.8. Behavioural testing and brain weight measurements 

Behavioural tests (PBS: male = 11, female = 9; IAV: male = 14, fe
male = 9) were conducted in the offspring raised within MIPS animal 
facility, where they were group-housed with same sex (2–5 mice/cage) 
in reverse light cycle (light on 7p.m.) post-weaning. All behavioural tests 
were conducted during the dark phase when the animals were active. 
Animals were tested in the following order: Y-maze spontaneous alter
nation, PPI of acoustic startle and LMA. All behavioural tests were 
conducted as previously described (Y-maze − (Suryavanshi et al., 2014); 
PPI and LMA − (Choy et al., 2021). In brief, for the Y-maze spontaneous 
alternation test, each mouse was placed at the end of one arm (pseudo- 
randomised between arm 1, 2 or 3), and allowed to explore the arm for 
10 min. A successful alternation entry was counted when the arm 
entered was not the same as the previous two entries. Percent alterna
tion in the Y-maze test was calculated as % alternation = number of 
successful alternations / (Total arm entries – 2) x 100 % (Suryavanshi 
et al., 2014). For assessment of PPI, the test sessions consisted of rand
omised trials of ‘startle alone’ pulses (120db), and pulses preceded by 6, 
12 or 18db above the 65db background prepulses (pp6, 12 and 18). 
Inter-trial intervals (ITI) were, on average, 15 s (varying between 7 and 
23 s), the prepulse–pulse (inter-stimulus) interval was 100 ms, length of 
the prepulse was 20 ms and the pulse was 40 ms, all as per our previous 
study (Choy et al., 2021). PPI was calculated using the formula [(pulse 
alone − prepulse-pulse)/ pulse alone] × 100 %. For LMA, animals were 
placed in a 40 cm x 40 cm square open field for 60 min to measure 
baseline activity, pseudo-randomly allocated a single i.p. injection of 
saline (Sal) or amphetamine (Amph, 2.5 mg/kg) (n value: PBS male: Sal 
= 4, Amph = 7; IAV male: Sal = 5, Amph = 9; PBS and IAV female: Sal =
3 and Amph = 6), and then tested for a further 90 min. Baseline activity 
was analysed for any potential effects of IAV treatment, and then the 
percentage (%) increase in amphetamine-induced hyperactivity was 
calculated relative to the baseline activity; the same calculation was 
applied to the saline treated group. After the last behavioural test, the 
animals were allowed a further 2–3 days of rest, and then humanely 
euthanised by cervical dislocation. Whole brain and hippocampus from 
each mouse were then immediately dissected and weighed. 

2.9. Statistical analysis 

Statistical tests were performed using GraphPad Prism Software 
Version 9 (San Diego, CA, USA) or SPSS Version 28 (IBM, Armonk, NY, 
USA). Data are expressed as the mean ± SEM. Unless specified other
wise, an unpaired Student’s t-test was used for comparisons made be
tween two groups, and a 3-way ANOVA was performed for the qPCR 
analyses, with maternal treatment, offspring age and sex as independent 
factors. For genes that showed no sex effect, male and female samples 
were pooled, and a 2-way ANOVA was performed with Tukey’s post-hoc 
testing. Concentration response curve analysis for vascular reactivity 
studies was performed using 2-way ANOVA with repeated measures. 
Behavioural data were analysed by ANOVA, with sex and maternal 
treatment as independent factors. For PPI, the 3 prepulses (pp6, 12 and 
18) were the ‘within’ factors (Choy et al., 2021) and average PPI (PPI% 
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averaging pp6, 12 and 18) is presented when interaction between pre
pulses and IAV and/or sex are absent. For LMA data, the distance trav
elled was presented with measurements made at 10-min intervals. The 
total distance travelled included a 60-min period to assess baseline ac
tivity, and a 90-min period following administration of amphetamine to 
address hyperreactivity. If there was no sex effect, the data were pooled 
to highlight the maternal IAV effect. Statistical significance was 
accepted at P < 0.05. All ANOVAs performed were corrected for mul
tiple comparisons with the adjusted P-values reported. 

3. Results 

3.1. Moderate influenza during pregnancy causes localised and systemic 
inflammation while sparing offspring survival 

To assess the effect of maternal influenza A virus infection on the 
neuroinflammatory profile across offspring postnatal development, 
pregnant C57BL6 mice at E12 gestation were intranasally inoculated 
with the moderately-pathogenic IAV strain HKx31 (H3N2) at two doses: 

high (104 PFU) and low (103 PFU). We have previously observed that 
dams infected with high IAV dose present with reduced maternal weight 
gain with advancing gestation, increased immune cell infiltration into 
the airways, severe aortic dysfunction, and reduced pup and placental 
weights at embryonic day E18 (Liong et al., 2020). In the present study, 
dams infected with the low dose of IAV presented with a more moderate 
systemic maternal disease (reduced body weight gain, increased airway 
immune cell infiltration, aortic dysfunction) without affecting E18 pup 
and placental weights in utero (Supplementary Fig. 1A-F). Litter size at 
time of delivery was not significantly affected by either high or low 
doses of maternal IAV infection (Supplementary Fig. 1G), however, 
offspring lethality was significantly increased with the high dose when 
compared to low dose of IAV (Supplementary Fig. 1H). Given that the 
offspring lethality was similar to PBS controls, we thus chose the low 
IAV dose for subsequent experiments to examine the effect of maternal 
IAV infection on offspring behaviour and early life neuroinflammation. 

Fig. 1. Maternal IAV infection-induced behavioural changes in adult offspring. A battery of behavioural tests was conducted in adult offspring (n = 9 – 14/ 
treatment/sex) at 11–14 weeks of age with 4–6 days’ rest between tests. Tests were Y-maze spontaneous alternation, a measure of spatial recognition memory (A); 
prepulse inhibition (PPI) of acoustic startle, a measure of sensorimotor gating (B); and amphetamine (Amph 2.5 mg/kg, i.p.) induced locomotor activity in an open- 
field, a measure of responsiveness to a dopaminergic stimulant (C and D). Maternal IAV treated offspring displayed decreased Y-maze alternation (A) F(1, 39) =
4.941, P = 0.032) and robust deficits in sensorimotor gating of PPI (B) (F(1, 39) = 23.311, P < 0.001) 74 %). Maternal IAV treatment had no effect on offspring 
spontaneous locomotor activity (baseline), but a pronounced increase in response to amphetamine treatment (C). Further analysis of the % increase in locomotor 
activity following amphetamine relative to baseline (F (1, 24) = 16.89, P < 0.001) but not to saline treatment (D). Hippocampus weight was reduced in adult 
offspring from maternal IAV infected dams (F(1,39) = 4.937, P = 0.032) without any change to total brain weight (E). Statistical analysis was performed using 
ANOVA test; data were pooled from male and female mice if no sex effect was found; * P < 0.05, **P < 0.01 and *** P < 0.001 between PBS and IAV groups. 
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3.2. Maternal influenza infection reduces spontaneous alternation in the 
Y-maze test and disrupts PPI of acoustic startle in adult offspring 

Adult offspring born from IAV-infected dams showed reduced Y- 
maze alternation, suggestive of impaired spatial recognition memory 
when compared to PBS offspring (Fig. 1A). Adult IAV offspring also 
exhibited sensorimotor gating deficits with reduced PPI compared to 
PBS offspring (Fig. 1B; PPI to individual prepulses (pp 6, 12 and 18) 
presented in Supplementary Fig. 2A). 

3.3. Maternal influenza infection increases amphetamine induced 
locomotor activity without affecting baseline activity 

Spontaneous locomotor activity under baseline conditions was ana
lysed for the first 60 min habituation period (Fig. 1C) and showed no 
effect of maternal IAV infection on offspring baseline exploratory ac
tivity. Female mice travelled further distances in baseline exploratory 
activity compared to males, consistent with our previous findings 
(Supplementary Fig. 2B; Choy et al. 2021). To assess whether maternal 
IAV infection dysregulates dopaminergic transmission in adult offspring, 
the animals were administered either amphetamine or saline and 
monitored for a further 90 min (Fig. 1C). In the saline treated groups, 
there was no difference in locomotor activity between IAV and PBS 
offspring. However, in the amphetamine treated groups, IAV offspring 
showed a pronounced response to amphetamine induced LMA compared 
to PBS offspring (Fig. 1D). Of note, there were no sex differences in 
offspring responses to amphetamine between IAV and PBS cohorts. 

3.4. Maternal influenza infection reduces hippocampal weight without 
affecting whole brain weight 

There was no difference in total brain weight between IAV and PBS 
offspring, however, hippocampal weights from IAV offspring were 
significantly smaller than their age-matched PBS counterparts (Fig. 1E). 
Ratio calculations of hippocampal to total brain weights also demon
strated a similar reduction in the IAV offspring, suggesting that maternal 
IAV infection had a direct effect on hippocampal development, possibly 

via reduced neurogenesis rather than whole brain development. 

3.5. Maternal influenza infection is associated with differential gene 
expression changes in late adolescent offspring 

We next sought to investigate the effect of maternal IAV infection on 
genes with functional roles in mediating neuroinflammation in the 
prefrontal cortex, hippocampus, hypothalamus and cerebellum, at three 
ages during offspring development. Genes that were not affected by sex 
were pooled for subsequent analyses. PCA analyses of the four brain 
regions showed distinct clustering of neonatal offspring (P5) from ju
venile (P21) and early adolescent (P56) offspring (Fig. 2). This suggests 
a more distinctive immunological profile during the early neonatal 
period, whereas the immunological profiles were more similar between 
the early (P21) and late adolescent (P56) offspring. Interestingly, PCA 
analyses revealed a clear separation between IAV and PBS offspring with 
regard to the hippocampus of neonates (P5) but not for any other brain 
regions. These findings indicate that neuroinflammation, which is part 
of healthy brain development, is distinct between the neonatal period 
and adolescence, and that the neonatal hippocampus (P5) is more 
vulnerable to perturbations by maternal IAV than the other brain re
gions studied. 

3.6. Maternal influenza infection perturbs normal cytokine expression 
across development in the offspring brain 

When compared to normal PBS offspring, the expression trajectories 
across development of pro-inflammatory cytokines and chemokines IL- 
1β, IL-6, TNF-α and CCL2 in the prefrontal cortex; IL-18, IFN-γ, CCL2, 
CCL3 and CCL5 in the hippocampus; IL-6, TNF-α, CCL3 and CCL5 in the 
hypothalamus; and IFN-γ, CCL2, CCL3 and CCL5 in the cerebellum were 
disrupted by maternal IAV infection (Fig. 3). Offspring born from IAV 
infected dams also demonstrated altered trajectories of anti- 
inflammatory cytokines, including IL-4, across development in the 
prefrontal cortex, hippocampus, and cerebellum (Fig. 4). IL-10 trajec
tory profiles across normal development were also altered in the hip
pocampus and hypothalamus of IAV offspring (Fig. 4). 

Fig. 2. Principal component analysis of gene expression data in IAV and PBS offspring brain across development. Prefrontal cortex (PFC), hippocampus (HC), 
hypothalamus (HY) and cerebellum (CBL) were dissected from offspring born from IAV-infected or PBS-mock-infected dams at postnatal days (P) 5, 21 or 56. PCA 
analysis was performed using the qPCR expressional data of 16 inflammatory genes of interest. 
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Given that inflammation is dependent on the balance between pro- 
inflammatory and anti-inflammatory mediators in the environment, 
we also assessed the ratio between pro- and anti-inflammatory cyto
kines, where a higher ratio indicates a more pro-inflammatory envi
ronment (Supplementary Fig. 4). The ratio profiles across development, 
in particular, IL-1β/IL-4, IL-6/IL-4 and TNF-α/IL-10 in the prefrontal 
cortex; TNF-α/IL-4, IL-1β/IL-10 and TNF-α/IL-10 in the hippocampus; 
IL-1β/IL-4, IL-6/IL-4, IL-6/IL-10 and TNF-α/IL-10 in the hypothalamus; 
and IL-1β/IL-4, IL-6/IL-4, IL-1β/IL-10, IL-6/IL-10 and TNF-α/IL-10 in 
the cerebellum were found to be different between PBS and IAV 
offspring. Overall, these changes in the ratio trajectories across devel
opment show an enhanced and sustained pro-inflammatory environ
ment in IAV offspring brain, particularly across the adolescence period 
P21 and P56. 

3.7. Maternal influenza infection enhances the expression of complement 
components in offspring brain during early postnatal and adolescent 
periods 

A dysfunctional complement system has been shown to drive auto
immunity and inflammatory neurological disorders (Chen et al., 2010; 
Dalakas et al., 2020), as well as schizophrenia (Laskaris et al., 2019; 
Schizophrenia Working Group of the Psychiatric Genomics Consortium, 
2014; Sekar et al., 2016). Thus, to assess whether maternal IAV infection 
alters offspring gene expression of components of the complement sys
tem, we measured the expression of C1qA, C3 and C4 of the complement 
system. Maternal IAV infection did not affect C1qA, C3 and C4 gene 
trajectories in the prefrontal cortex across development in the offspring 
(Fig. 5). In contrast, C3 and C4 expression in the hippocampus was 
significantly elevated in IAV neonatal (P5) and early adolescent (P21) 

offspring, respectively. In the hypothalamus, C1qA, C3 and C4 showed 
altered expression trajectories across development with upregulated 
C1qA and C4 expression in IAV neonates (P5). In the cerebellum, only 
C1qA showed altered gene trajectories between IAV and PBS offspring 
across development, demonstrating a significant peak in C1qA expres
sion during early adolescence (P21). 

3.8. Maternal influenza infection drives enhanced expression of 
microglial markers and altered microglial morphology in late adolescent 
offspring 

Microglia, the brain’s immune cells, play a central role in synaptic 
pruning and maturation which when perturbed in preclinical MIA 
models can lead to offspring neurogenic impairment and aberrant 
postnatal behaviours (Zhao et al., 2019). The complement system plays 
a central role in synaptic pruning by microglia (Gordon et al., 2003). 
Microglial markers TMEM119, AIF1 and CX3CR1 were measured to 
assess the effect of maternal IAV infection (Fig. 5). In comparison to PBS 
offspring, microglial markers TMEM119 and CX3CR1 in the prefrontal 
cortex, and TMEM119 and CX3CR1 in the cerebellum, were significantly 
elevated in late adolescent IAV offspring (P56). In the hypothalamus, 
TMEM119 was also significantly elevated during late adolescence (P56) 
when compared to neonates (P5). AIF1 expression in the hypothalamus 
was also significantly upregulated in IAV neonates (P5). Intriguingly, 
there were no expressional changes to microglial markers in the 
offspring hippocampus with maternal IAV. 

To assess the long-term effects of maternal IAV infection on microglia 
numbers and morphology in the hippocampus of P56 offspring, immu
nofluorescent staining was performed against the ionized calcium- 
binding adaptor molecule-1 (Iba-1) (Supplementary Fig. 5A). IAV P56 

Fig. 3. Gene expressional changes of pro-inflammatory mediators in the brains of offspring born from IAV-infected dams. (A) Prefrontal cortex (PFC), (B) 
hippocampus (HC), (C) hypothalamus (HY), and (D) cerebellum (CBL) were dissected from offspring born from IAV-infected or PBS-mock-infected dams at postnatal 
days (P) 5, 21 or 56. Gene expression of the pro-inflammatory mediators IL-1β, IL-6, IL-18, TNF-α, IFN-γ, PTGS2 was assessed by qPCR. There was no interaction with 
sex, therefore male and female offspring were combined for 2-way ANOVA analysis with P5 PBS offspring as the reference group. Multiple comparisons between 
groups were performed using Tukey’s post hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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offspring showed an increased number of Iba-1+ cells in the subgranular 
zone (SGZ) of the dentate gyrus with no changes in morphology (Sup
plementary Fig. 5B). In contrast, although the number of Iba-1+ cells in 
the CA1 region of the hippocampus of IAV P56 offspring was not 
increased, Iba-1+ cells in the IAV offspring displayed a more ramified 
morphology (i.e., reduced area per cell) compared to PBS offspring 
(Supplementary Fig. 5C). 

3.9. The juvenile period in offspring brain development is most susceptible 
to neuroinflammation following maternal IAV infection 

The juvenile period (P5) was found to be the most affected in terms of 
altered gene expression in the brain following maternal IAV infection. In 
particular, z-score analysis of the P5 hippocampus after prenatal IAV 
exposure identified 10 differentially expressed genes (IL-18, IFN-γ, 
CCL3, IL-4, IL-10, C1qA, C3, C4 AIF1, CX3CR1) compared to PBS 
offspring (Fig. 6). P5 hypothalamus had the next highest number of gene 
changes with IAV, with 6 differentially expressed genes (IL-6, IFN-γ, 
CCL3, CCL5, C1qA, C4). In contrast, the early adolescence period (P21) 
had the least overall change between IAV and PBS offspring, with P21 
prefrontal cortex showing the most changes with 3 differentially 
expressed genes (TNF-a, C4, TMEM119). By late adolescence (P56), the 
cerebellum had the greatest number of changes following prenatal IAV 
exposure, with 4 differentially expressed genes (CCL5, C1qA, CX3CR1, 
TMEM119). P56 prefrontal cortex had the next highest number of genes 
(i.e., IFN-γ, C1qA and C3) being differentially expressed following IAV. 
Intriguingly, C4 expression in the hippocampus was the only gene that 
was consistently altered in the IAV offspring across all age groups. 

4. Discussion 

Gestational IAV infection can trigger not only maternal systemic 
inflammation but also a ‘vascular storm’ event in major blood vessels, 
consisting of vascular inflammation and dysfunction (Liong et al., 2020). 
This can lead to reduced blood flow to the placenta resulting in foetal 
hypoxia and growth restriction. These foetal complications are known 
risk factors for developing neurodevelopmental disorders (Wang et al., 
2021), including schizophrenia. In this study, a moderate IAV infection 
during pregnancy produced adverse systemic outcomes (reduced 
maternal body weight gain, lung inflammation and vascular dysfunc
tion), however, the foetal effects were more subtle compared to a high 
dose of IAV, characterised as no change in pup and placental weights at 
E18, and increased pup survival. Although we did not record birth 
weights (P0) in this study in order to minimise disturbance of litters soon 
after delivery, the similarities in E18 fetal weights between PBS and IAV 
groups would suggest that the neurodevelopmental effects are not likely 
to be attributed to low birth weight. The offspring from IAV infected 
dams also displayed no differences in body weights across development 
as well as no differences in whole brain weights by late adolescence 
(P56). Despite the lack of physical differences in the offspring exposed to 
moderate IAV infection across development, biochemical assessment of 
the developing offspring brain revealed altered trajectories in expression 
of genes involved in neuroinflammation and neurogenesis in specific 
regions of the brain. The offspring from IAV infected dams also had 
reduced hippocampus size and displayed disrupted behaviour in adult
hood, including sensorimotor gating deficits, dopaminergic hypersen
sitivity, and deficits in spatial memory, all of which are commonly used 
as surrogates for modelling specific symptom domains associated with 

Fig. 4. Gene expression profiles of chemokines and anti-inflammatory cytokines in the offspring brain. (A) Prefrontal cortex (PFC), (B) hippocampus (HC), 
(C) hypothalamus (HY), and (D) cerebellum (CBL) were dissected from offspring born from IAV-infected or PBS-mock-infected dams at postnatal days (P) 5, 21 or 56. 
Gene expression of chemokines (CCL2, CCL3, CCL5) and the anti-inflammatory cytokines (IL-4, IL-10) was assessed by qPCR. There was no interaction with sex, 
therefore male and female offspring were combined for 2-way ANOVA analysis with P5 PBS offspring as the reference group. Multiple comparisons between groups 
were performed using Tukey’s post hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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schizophrenia. These behavioural findings are to some degree consistent 
with a previous study that used live IAV (Shi et al., 2003). That study by 
Shi and colleagues reported PPI deficits in 6–8-week-old (P42-P56) 
offspring exposed to maternal IAV (Shi et al., 2003). However, we have 
recently shown that this age is not sufficiently mature developmentally 
to accurately represent a fully functional gating mechanism, as 
measured by PPI in healthy mice (Choy et al., 2021). Therefore, our 
current study is the first to accurately demonstrate PPI deficits in the 
mature adult brain (P84; 12 weeks old) in offspring born to IAV-infected 
dams. 

The inflammatory processes in the developing brain are tightly 
regulated during critical developmental periods in early life and 
adolescence. In our model of moderate IAV infection, we did not observe 
overt increases in pro-inflammatory cytokines, but did note a significant 
reduction in anti-inflammatory cytokines IL-4 and IL-10, resulting in a 
skewed pro-neuroinflammatory phenotype in the IAV offspring. 
Assessment of cytokine gene expression across development also iden
tified IAV offspring with altered expression of IFN-γ (cerebellum, hip
pocampus), TNF-α (prefrontal cortex) and IL-6 (hypothalamus) 
compared to uninfected offspring. Collectively, our findings indicate 
that a moderate IAV infection in pregnancy is associated with altered 
trajectories across development. Specifically, the trajectories across 
development for IL-1β, IL-6, TNF-α, CCL2, IL-4 in the prefrontal cortex; 
IL-18, IFN-γ, CCL2, CCL3, CCL5, IL-4, IL-10 in the hippocampus; IL-6, 
TNF-α, CCL3, CCL5, IL-10 in the hypothalamus; and IFN-γ, CCL2, 
CCL3, CCL5, IL-4 in the cerebellum were different between IAV and PBS 
offspring. Z-score analysis identified P5 offspring to be most susceptible 
to dysregulated cytokine and chemokine expression compared to P21 
and P56 offspring following maternal IAV infection. As such, a cross- 
sectional or longitudinal analysis is better suited to detect subtle and 
long-term changes in the brain following moderate IAV infection that 

may otherwise be missed if looking at a single time point alone, 
particularly if we examined only the adolescent period when behav
ioural changes emerge. 

Our study demonstrates that IAV infection during pregnancy alters 
the trajectories of inflammatory gene expression across development. Of 
note was the observation that IL-18 expression was reduced in the hip
pocampus of offspring from IAV infected dams. IL-18 is indispensable for 
sustained clearance of degenerative neural cells, neuronal maturation, 
and hippocampal function (Yamanishi et al., 2019). Mice deficient in IL- 
18 develop impaired learning, memory and motivation (Yamanishi 
et al., 2019). Given that gene transcription encodes the IL-18 precursor 
molecule and that cleavage by caspase-1 allows for the secretion of the 
biologically active mature form of IL-18, more studies are warranted to 
examine whether the reduction in IL-18 in the hippocampus of IAV 
offspring drives some of the neurobehavioral changes observed in these 
mice. 

Although inflammation is frequently thought of as a deleterious 
process to healthy neurological function and is a hallmark of neurode
generative diseases, activation of the inflammatory complement cascade 
is essential during postnatal development to eliminate inappropriate 
synapses in the CNS (synaptic pruning) occurring via microglia phago
cytosis (Hua and Smith, 2004). Mice deficient in complement proteins 
C1q or the downstream complement C3 show impaired synaptic pruning 
activity (Schafer et al., 2012; Stevens et al., 2007). C3-deficient mice 
also display impaired neuronal migration resulting in disorganised 
cortical layers and abnormal positioning of neurons in the developing 
cortex (Gorelik et al., 2017). C4 complement protein sits upstream of C3 
and is involved in the propagation of C3 activity. In the CNS, C1q is 
largely expressed by microglia, C3 is predominately synthesised by as
trocytes and C4 is produced by oligodendrocytes in mice (Zhou et al., 
2008). In the developing cortex of mice, C3 knockdown resulted in 

Fig. 5. Gene expression of complement system components and microglial markers in the offspring brain in response to prenatal IAV exposure. (A) 
Prefrontal cortex (PFC), (B) hippocampus (HC), (C) hypothalamus (HY), and (D) cerebellum (CBL) were dissected from offspring born from IAV-infected or PBS- 
mock-infected dams at postnatal days (P) 5, 21 or 56. Gene expression of the complement system components (C1qA, C3, C4) and microglial markers 
(TMEM119, CX3CR1, AIF1) was assessed by qPCR. There was no interaction with sex, therefore male and female offspring were combined for 2-way ANOVA analysis 
with P5 PBS offspring as the reference group. Multiple comparisons between groups were performed using Tukey’s post hoc tests. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. 
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defective neuronal migration (Gorelik et al., 2017). C3 proteolysis was 
found to be central for neuronal migration with administration of mo
lecular mimics of C3 cleavage products rescuing impaired migration 
(Gorelik et al., 2017). Others have hypothesised that neuronal migration 
deficits may be a common factor to the pathophysiology of autism 
spectrum disorder (ASD) (Reiner et al., 2016), while abnormalities in 
synaptic pruning are proposed as relevant to brain changes in schizo
phrenia (Feinberg, 1982). In this study, hippocampal expression of C3 is 
reduced in IAV offspring at P5 (brain development comparable to 33–36 
weeks of gestation, a preterm infant) and P21 (comparable to 

2–3-year-old child), which may be indicative of reduced synaptic 
pruning activity triggered by disrupted astrocyte and oligodendrocyte 
function during early life. C4 is encoded by 2 genes, C4A and C4B, which 
vary in expression levels and copy numbers. C4A expression is altered in 
brain samples of schizophrenic patients compared to healthy individuals 
(Sekar et al., 2016). In this study, the C4 primer used detects both C4A 
and C4B transcripts which reported an overall reduction in total C4 
expression in IAV offspring at P5 and P21. It is unknown whether C4A or 
C4B are differentially expressed in the IAV offspring and thus warrants 
further investigation. Another limitation of this study was that all tissues 

Fig. 6. Analysis of the association between brain regions and differential gene expression across development in the offspring. Mean z-scores of gene 
expression from the prefrontal cortex (PFC), hippocampus (HC), hypothalamus (HY), and cerebellum (CBL) in the offspring across different developmental ages. 
Student’s t test was performed for comparisons between PBS vs IAV offspring. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

S. Liong et al.                                                                                                                                                                                                                                    



Brain Behavior and Immunity 120 (2024) 488–498

497

were processed for qPCR analysis, thus not allowing additional confir
mation of protein expression changes using samples from the current 
cohorts. Additional protein expression effects will be investigated in 
future studies. 

Microglia are specialised immune cells that reside in the CNS and are 
acutely sensitive to physiological stress with critical roles in neurolog
ical disease. In normal development, microglial morphology and prop
erties change in a region-specific manner from an “amoeboid” to 
“ramified” state during the first 3 weeks of postnatal life (Perez-Pou
choulen et al., 2015). It is thought that microglial maturation beginning 
at 2–3 postnatal weeks (P14-21) coincides with changes to gene 
expression profiles in response to a large exposure to environmental 
stressors or stimuli that is absent during foetal development in utero. 
CX3CR1 is a microglia-specific chemokine receptor that sensors the 
chemokine fractalkine CX3CL1 expressed by neurons and is essential for 
microglial migration and regulating synaptic pruning from 2 weeks of 
postnatal life (P14) (Hoshiko et al., 2012). In this study, P5 IAV offspring 
show downregulation of CX3CR1 expression in the hippocampus 
compared to PBS offspring (z-scores). Loss of CX3CR1 in mice is asso
ciated with delayed functional maturation of postsynaptic glutamate 
receptors which occurs between 1–2 postnatal weeks of life (Hoshiko 
et al., 2012). Moreover, CX3CR1 deficient mice during postnatal 
development show a transient deficit in synaptic pruning in CA1 pyra
midal neurons, showing more synapses than WT mice, which peaks at 
P15 and is recovered by P28 (Paolicelli et al., 2011), implicating the 
importance of CX3CR1 in hippocampal development during early 
postnatal life. In contrast, CX3CR1 deficiency in cerebral ischemia 
mouse models, was shown to be protective against ischemic damage, 
inflammation and smaller infarcts compared to WT mice (Denes et al., 
2008). Given that our IAV infection model in pregnancy is linked to 
impaired maternal blood flow, the reduction in CX3CR1 in P5 IAV 
offspring could be a lingering response to protect against foetal cerebral 
ischemia in utero. 

In mouse brain development, neurogenesis in the CA1 and CA3 re
gions occur rapidly during the embryonic period (E12.5–17.5) and is 
completed by birth. In contrast, neurogenesis in the dentate gyrus is a 
gradual and protracted process that begins at E12.5 and decreases by 
P14 and continues at low levels into adulthood (Bond et al., 2020). In 
adult hippocampus, the sub-granular zone (SGZ) is the site of neuro
genesis. These newly generated cells then differentiate into mature 
neurons in the granular cell layer of the dentate gyrus where they are 
integrated into the hippocampal functional circuitry (van Praag et al., 
2002). In rodents, approximately 50 % of these newly generated neurons 
survive to become functional neurons in the hippocampal circuitry 
(Cameron and McKay, 2001). Apoptotic newborn neurons are rapidly 
cleared by phagocytic unchallenged (ramified) microglia residing in the 
SGZ (Sierra et al., 2010). Furthermore, unlike the number of new neu
rons generated and apoptotic cells which decrease with age, the 
phagocytic activity of SGZ residing microglia is undeterred by increasing 
age or inflammatory stimuli (Sierra et al., 2010). Thus, increased 
number of microglial cells in the SGZ because of prenatal exposure to 
IAV infection may affect homeostatic clearance of newborn neurons and 
optimal integration of mature neurons into the hippocampal circuitry. 
Alternatively, an increase in microglial cells in the SGZ of late adolescent 
IAV offspring could be a remnant of increased apoptosis of newborn 
neurons during early life. In this study, we have identified increased 
number of microglia in the SGZ of the dentate gyrus, and an increased 
proportion of resting microglia (ramified morphology) in the CA1 region 
of the hippocampus in IAV late adolescent (P56) offspring. Coupled with 
reduced hippocampal expression of complement C3 and C4, this may 
result in an overall reduction in synaptic pruning leading to abnormal 
neuronal circuitry in the CA1 and deficits in hippocampal-dependent 
memory processes of IAV offspring. Collectively, these findings show 
that maternal IAV infection impacts offspring microglia numbers and 
function into late adolescence. Functional studies on the cortical 
microglia are required to confirm this observation and to delineate its 

impact on future disease processes and injury in the adult CNS. 
In conclusion, we have established an IAV infection model in preg

nant mice that did not cause significant offspring death during the early 
postnatal period with offspring survival being comparable to uninfected 
litters, nor did it affect overall brain weights or bodyweight trajectories 
of the surviving offspring. However, this model demonstrated a signif
icant reduction in hippocampal size, which is important given the role of 
the hippocampus in schizophrenia (Velakoulis et al., 2016). In addition, 
this model has allowed us to assess acute (P5) and chronic (P21, P56) 
alterations in the normal trajectories of genes that regulate neuro
inflammation that are regional-specific and reflect the behavioural 
deficits in IAV offspring. Therefore, our study highlights that even 
moderate gestational IAV infections, mimicking seasonal influenza dis
ease severity, can result in brain-region specific alterations that can 
heighten the risk of offspring neuropsychiatric disorders. Our study also 
highlights an important translational pre-clinical model for future psy
chiatric drug discovery research, which will facilitate the development 
of novel pharmacotherapies to restore aberrant neurodevelopmental 
trajectories initiated by gestational viral insults that underpin disorders 
such as schizophrenia. 
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