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in a Two-Hit Model of Neurodevelopmental Defects
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Growing evidence suggests that early-life interactions among genetic, immune, and environment factors may modulate neuro-
development and cause psycho-cognitive deficits. Maternal immune activation (MIA) induces autism-like behaviors in off-
spring, but how it interplays with perinatal brain injury (especially birth asphyxia or hypoxia ischemia [HI]) is unclear.
Herein we compared the effects of MIA (injection of poly[I:C] to dam at gestational day 12.5), HI at postnatal day 10, and
the combined MIA/HI insult in murine offspring of both sexes. We found that MIA induced autistic-like behaviors without
microglial activation but amplified post-HI NFjB signaling, pro-inflammatory responses, and brain injury in offspring.
Conversely, HI neither provoked autistic-like behaviors nor concealed them in the MIA offspring. Instead, the dual MIA/HI
insult added autistic-like behaviors with diminished synaptic density and reduction of autism-related PSD-95 and Homer-1 in
the hippocampus, which were missing in the singular MIA or HI insult. Further, the dual MIA/HI insult enhanced the brain
influx of Otx2-positive monocytes that are associated with an increase of perineuronal net-enwrapped parvalbumin neurons.
Using CCR2-CreER mice to distinguish monocytes from the resident microglia, we found that the monocytic infiltrates gradu-
ally adopted a ramified morphology and expressed the microglial signature genes (Tmem119, P2RY12, and Sall1) in post-
MIA/HI brains, with some continuing to express the proinflammatory cytokine TNFa. Finally, genetic or pharmacological
obstruction of monocytic influx significantly reduced perineuronal net-enwrapped parvalbumin neurons and autistic-like
behaviors in MIA/HI offspring. Together, these results suggest a pathologic role of monocytes in the two-hit (immune plus
neonatal HI) model of neurodevelopmental defects.
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Significance Statement

In autism spectrum disorders (ASDs), prenatal infection or maternal immune activation (MIA) may act as a primer for multi-
ple genetic and environmental factors to impair neurodevelopment. This study examined whether MIA cooperates with neo-
natal cerebral hypoxia ischemia to promote ASD-like aberrations in mice using a novel two-hit model. It was shown that the
combination of MIA and neonatal hypoxia ischemia produces autistic-like behaviors in the offspring, and has synergistic
effects in inducing neuroinflammation, monocytic infiltrates, synaptic defects, and perineuronal nets. Furthermore, genetic
or pharmacological intervention of the MCP1-CCR2 chemoattractant pathway markedly reduced monocytic infiltrates, peri-
neuronal nets, and autistic-like behaviors. These results suggest reciprocal escalation of immune and neonatal brain injury in
a subset of ASD that may benefit from monocyte-targeted treatments.

Introduction
Autism spectrum disorder (ASD) is a heterogeneous group of
pervasive developmental disorders with persistent deficits in
social communication and social interactions across multiple
contexts (American Psychiatric Association, 2013). Likewise, the
pathogenesis of ASD involves complex interactions of genetic,
immune, and environmental factors (Geschwind, 2009; De
Rubeis et al., 2014; Estes and McAllister, 2016). Among these
three categories of ASD risk factors, prenatal infection or mater-
nal immune activation (MIA) is common, but not always
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coupled with neurodevelopmental defects. Hence, MIA may
function as a primer for an array of genetic and environmental
factors to impair neurodevelopment (Meyer, 2014). Consistent
with this notion, MIA has been shown to sensitize schizophre-
nia-related behaviors in mice with peripubertal stress or the
Disc1 mutation (Giovanoli et al., 2013; Lipina et al., 2013). Yet,
whether and how MIA interacts with perinatal hypoxia ischemia
(HI) to enhance autistic-like behaviors remain uncertain.

Indirect evidence suggested that perinatal asphyxia and HI
may be a contributing factor to ASD (van Handel et al., 2007).
Even in the landmark study of genetic influences in autism, the
researchers already noticed a higher incidence of autism in twins
with perinatal apnea .6min or .30min delay in the second
birth, which could produce cerebral HI (Folstein and Rutter,
1977). Another study reported 5% versus 0.8% diagnosis of ASD
at 5 years of age in term infants with or without perinatal HI,
respectively (Badawi et al., 2006). Last, a recent epidemiological
study of 594,638 subjects showed a significant association between
ASD and perinatal HI symptoms, including birth asphyxia and
Apgar score ,7 at 5min after birth (Getahun et al., 2017).
Together, these observations suggest that MIA and cerebral HI
may cooperate to induce autistic behaviors, but the underlying
mechanisms are poorly understood.

In this study, we injected polyinosinic:polycytidylic acid (poly
(I:C)) to pregnant C57BL/6 mice at gestational day 12.5 and chal-
lenged the offspring with HI at postnatal day 10 as a two-hit
MIA/HI model, and compared the outcomes with those after
MIA or pure-HI insult. In addition to autistic-like symptoms
(Malkova et al., 2012), we compared the effects of MIA, HI, and
dual-MIA/HI on synaptic density, microglial activation, mono-
cytic infiltrates, and perineuronal nets (PNNs) following several
leads in the literature. First, many ASD mutations converge on
the synaptic genes, but MIA-alone only modestly impaired syn-
aptic maturation (Coiro et al., 2015; Bergdolt and Dunaevsky,
2019). Thus, we tested whether the combined MIA/HI insult is
more hurtful to synaptic density and autism-related synaptic
proteins, such as PSD-95 and Homer-1 (Tsai et al., 2012;
Lelieveld et al., 2016). Second, microglial activation has been
detected in ASD patients (Morgan et al., 2010; Suzuki et al.,
2013), but to what extent this phenomenon is captured by the
rodent MIA model is uncertain (Smolders et al., 2015; Choi et
al., 2016). Will the combination of MIA and HI activate micro-
glia? Third, mice with early-life adversity or the Rett syndrome
mutation contain more PNNs, the extracellular matrix assem-
blies that preferentially enwrap parvalbumin (PV)-positive inter-
neurons and may impair synaptic plasticity (Krishnan et al.,
2015; Fawcett et al., 2019; Murthy et al., 2019). Thus, we tested
whether MIA or MIA/HI alters PNNs in offspring correlated
with autistic-like behaviors. Finally, because an increase of
immune infiltrates has been detected in the brains of ASD
patients (DiStasio et al., 2019), we conjectured that the dual
MIA/HI insult may boost immune infiltrates, including mono-
cytes that have the potential to become proinflammatory micro-
glia to damage the synaptic network (Geissmann et al., 2003;
Djukic et al., 2006; Schafer et al., 2012; Wu et al., 2015; Cronk et
al., 2018; Chen et al., 2020).

The results of our experiments showed that MIA and neona-
tal HI injury have synergistic effects in inciting neuroinflamma-
tion, monocytic infiltration, PNNs, and synaptic defects, while
preserving the autistic-like behaviors in murine offspring.
Blocking monocyte infiltration via the MCP1-CCR2 signaling
pathway markedly reduced the PNN intensity and autistic-like
behaviors in offspring. Together, these results suggest immune

and brain injury interactions in a subset of ASD, which may ben-
efit frommonocyte-targeted treatment.

Materials and Methods
Animals and experimental design. C57BL/6J mice, CX3CR1GFP mice

(JAX#005582), CCR2RFP (JAX#017586) mice, and R26R-TRAP (translat-
ing ribosome affinity purification, JAX stock #022367) mice were pur-
chased from The Jackson Laboratory. CX3CR1GFP; CCR2RFP mice were
derived from breeding CX3CR1GFP mice with CCR2RFP mice. The
CCR2-CreER(T2) mice have been characterized recently (Chen et al.,
2020). The CCR2-CreER mice were crossed with a R26R-GFP Cre-re-
porter line (Ai6, JAX stock #007906) or R26R-TRAP (GFP/RpL10A)
mice (JAX stock #022367). For fate-mapping, CCR2-CreERmice crossed
to either R26R-GFP or R26R-GFP/RpL10A TRAP mice received 10mg/
kg/day tamoxifen at P8 and P9. Mice were housed in ventilated cages
under standard laboratory conditions.

For the timed pregnancies, mice were set up in the late afternoon
and plugs were detected the next morning, the stage of embryogenesis
designated as E0.5. At E12.5, pregnant dams received intraperitoneal
injection of one dose of 20mg/kg poly(I:C) (Sigma Millipore, #P9852), a
synthetic analog of double-stranded RNA to activate the Toll-like recep-
tor 3 (Stridh et al., 2013). Poly(I:C) was freshly dissolved in saline. The
dose of poly(I:C) and its route of drug-delivery were selected based on
previous studies (Choi et al., 2016). Dams were monitored for parturi-
tion, and the offspring of both sexes were used in experiments and ana-
lyzed separately in brain tissue loss and behavioral test. To avoid litter-
associated bias, mice from at least three litters were used in all analyses.

HI surgery and LPS treatment. The pups of indicated group were col-
lected and subjected to the Rice-Vannucci model of HI (unilateral com-
mon carotid artery ligation followed by 60 min exposure to 10% oxygen
at 37°C) at 10 d of age. The procedures of HI and LPS-sensitized HI have
been described previously (Rice et al., 1981; Eklind et al., 2005; Adhami
et al., 2008; Stridh et al., 2013; Yang et al., 2013). The controls include
age-matched sham and MIA- or HI-alone injury. For the LPS/HI injury,
used solely as positive controls for NFkB signaling activation, 0.3mg/kg
LPS (Sigma Millipore, #L2880, from Escherichia coli 005:B5) was injected
intraperitoneally to P10 mouse pups 2 h before the HI procedures. All
experimental procedures were approved by the Institutional Animal
Care and Use Committee and conformed to the National Institutes of
Health Guide for the care and use of laboratory animals.

TUNEL assay. The 20 mm cryosections were cut from the brains of
littermates transcardially perfused with 4% PFA, postfixed with gentle
agitation at 4°C overnight, dehydrated in 30% sucrose, followed by freez-
ing and sectioning. Sections were stored at �20°C until the TUNEL
assay was performed. TUNEL staining was used to identify apoptotic
cells under light microscope using the Click-iT TUNEL AlexaFluor-647
Imaging Assay kit (Thermo Fisher Scientific) following the manufac-
turer’s instructions.

Measurement of brain tissue loss. Brain tissue loss was performed at
7 d after MIA, pure-HI, or dual MIA/HI injury, as previously described
(Yang et al., 2013). Briefly, animals were killed under deep anesthesia by
transcardiac perfusion of saline, and the brains were fixed in 4% PFA
overnight, followed by serial sectioning of 1 mm slices on a Vibratome
(Stoelting). Each section was photographed, and the tissue loss in the
cerebral cortex, striatum, and the hippocampus was quantified as the
area percentage of all sections containing the structure of interest on the
ipsilateral to contralateral hemisphere by the National Institutes of
Health ImageJ software.

Protein extraction and Western blotting. The indicated mouse brain
tissues were isolated to compare the NFkB signaling activity. The extrac-
tion of the nuclear fraction and cytoplasmic protein was performed
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Brain nuclear fraction, cytoplasmic protein extracts, or total protein
lysate were separated by the standard SDS-PAGE procedure, electro-
transferred to a microporous PVDF membrane (Bio-Rad), and detected
with designated antibodies using the HRP chemiluminescence reagents
(GE Healthcare). The following antibodies were used: mouse anti-NFkB
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inhibitor (Cell Signaling Technology); rabbit anti-phoshpo-NF-kB/p65
(Ser276) (Cell Signaling Technology); rabbit anti-Histone 2B (Cell Signaling
Technology); rabbit anti-GAPDH (Cell Signaling Technology); rabbit anti-
Synaptotagmin 1 (Synaptic Systems); mouse anti-PSD-95 (Millipore); rabbit
anti-Homer 1 (Abcam); and rabbit anti-MeCP2 (Abcam).

RNA extraction and qRT-PCR. The total RNA of the indicated brain
samples was extracted using the TRIzol reagent (Thermo Fisher
Scientific); 3mg RNA was used for cDNA synthesis using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s instructions. qRT-PCR was performed using the Bio-
Rad CFX 96 system (C1000 Thermal Cycler) and detected by SYBR
Green master mix (Bio-Rad) as previously described (Yang et al., 2013).
The following primer sequences were used for real time PCR: IL-6, 59-
GGAGAGGAGACTTCACAGAGGAT-39 and 59-AGTGCATCATCG
CTGTTCATA; C-39; IL-17a, 59-AGACTACCTCAACCGTTCCACTT-
39 and 59-GATCTCTTGCTGGATGAGAACAG-39; IL-1b , 59-CTTT
CGACAGTGAGGAGAATGAC-39 and 59-CAAGACATAGGTAGCT
GCCACAG-39; MMP9, 59-CGAACACCACGCTGTGGTG-39 and 59-
CCGCTTCGGGTCCGTACAC-39; TNFa, 59-CCACCACGCTCTTCT
GTCTA-39 and 59-CTCCTCCACTTGGTGGTTTG-39; IL-23, 59- AC
CAGTGGGACAAATGGATCTAC-39 and 59-CAGGTGCTTATAAA
ACACCAGACC-39; TSPO, 59-CTATGGTTCCCTTGGGTCTCTAC-39
and 59-AGGCCAGGTAAGGATACAGCAAG-39; MCP1, 59- ACCACT
ATGCAGGTCTCTGTCAC-39-and 59-GCTGCTGGTGATTCTCTTGT
AGT-39; OPN, 59-AGCCACAAGTTTCACAGCCACAAGG-39 and 59-
CTGAGAAATGAGCAGTTAGTATTCCTGC-39; CCR2, 59-GCCAGG
ACAGTTACCTTTGG-39 and 59- CGAAACAGGGTGTGGAGAAT-39;
Sall1, 59-CTCAACATTTCCAATCCGACCC-39 and 59- GGCATCCT
TGCTCTTAGTGGG-39; P2RY12, 59-TTTCAGATCCGCAGTAAATC
CAA-39 and 59- GGCTCCCAGTTTAGCATCACTA-39; Tmem119, 59-
CCTACTCTGTGTCACTCCCG-39 and 59-CACGTACTGCCGGAAG
AAATC-39; Otx2, 59- TATCTAAAGCAACCGCCTTACG-39 and 59-
GCCCTAGTAAATGTCGTCCTCTC-39; Otx1, 59- GCGCTGTTCGC
AAAGACTC-39 and 59-GTTTTCGTTCCATTCCCGTC-39; GAPDH,
59-AGGTCGGTGTGAACGGAT TTG-39 and 59-TGTAGACCATG
TAGTTGAGGTCA-39. Samples were analyzed in triplicate and normal-
ized versus the expression level of the GAPDH.

Ultrasonic vocalization recording. On postnatal days 9-11, the cages
containing both mothers and litters were brought to the testing room.
After mice are habituated for 1 h, pups were removed away from the
mother, and put into a cup with bedding from their cage for 10min
without recording. After the 10 m habituation period, mice were individ-
ually placed in a clean holding dish. The ultrasonic vocalization (USV)
by pups was recorded for 3min using an ultrasound-grade microphone
(Pettersson M500-384 USB, Pettersson Elektronik). The recording was
analyzed with the UltraVox software (Noldus Information Technology).
The USVs between 25 and 125 kHz were analyzed after excluding the
background noise that was, 0.02ms (Lammert and Lukens, 2019).

Three chamber social preference. Eight-week-old mice (in the
C57BL/6 strain background) were assessed for social preference using
the three-chamber social approach. This sociability apparatus consists of
an acrylic box partitioned into three chambers (the overall dimensions:
24 inch wide � 16 inch deep � 8.5 inch tall). The openings between the
compartments allow the animals to freely explore the three chambers.
During an initial moment, an inanimate object was positioned in one of
the lateral chambers, and a novel mouse was placed in the opposite lat-
eral chamber. This novel mouse was sex-matched and of no previous
contact with the tested animal. The time spent in each chamber, as well
as the time spent exploring the novel mouse or the inanimate object, was
analyzed by two observers during 10min. We evaluated the sociability
index (SI), a mathematical equation designed to allow direct comparison
of social behavior of the groups (Pietropaolo et al., 2011). The SI was cal-
culated as follows: SI = (time exploring novel mouse)/(time exploring
novel mouse 1 time exploring novel object). The time exploring each
chamber by the tested animal was also collected to exclude the difference
in overall locomotion activity.

Marble burying test. Eight-week-old mice (in the C57BL/6 strain
background) were acclimated overnight to cages containing the wood
chip bedding to minimize neophobia and novelty-induced anxiety. The

next day, the mice were placed in a clean cage that was filled with 2
inches of the wood chip bedding. Twenty glass marbles were arranged
on the top of the bedding in five rows of four marbles equidistant from
one another. After a 15 min exploration period, the tested mouse was
carefully removed from the cages; and a marble burying index score was
calculated based on the following scale: 1 for marbles covered 50% by
bedding, 0.5 for;50% covered, or 0 for anything less. After each testing
period, the marbles were cleaned with 70% ethanol. All procedures were
essentially the same as previously described (Lammert and Lukens,
2019).

Flow cytometry analysis. To analyze the infiltrating immune cells in
the brains after MIA, HI, and MIA/HI, the mice were transcardially per-
fused with PBS to remove blood cells in cerebral vessels. Sham and MIA
offspring brains and the ipsilateral hemispheres at 96 h after HI or MIA/
HI were harvested. The brain tissues were mechanically homogenized,
and the infiltrating immune cells were isolated by discontinued Percoll
gradients (GE Healthcare). Cell suspensions were stained with the fluo-
rochrome-conjugated antibodies, including CD45 (30-F11, BioLegend),
CD11b (M1/70, BioLegend), Ly-6G (1A8, BD Bioscience), Ly-6C
(HK1.4, BioLegend), CD3 (17A2, BioLegend), Trem2 (clone #237920,
R&D Systems), gd TCR (GL3, BioLegend), and LIVE/DEAD Fixable
Aqua Dead Cell Stain (Thermo Fisher Scientific). Subsequently, the
stained suspensions were collected with flow cytometric analyses
(Attune, Applied Biosystems) and analyzed with FlowJo v10.

Immunohistochemistry and Wisteria floribunda agglutinin (WFA)
staining. The brains from indicated littermates were fixed using 4% PFA
at 4°C overnight with gentle agitation, cryopreserved in 30% sucrose,
frozen, and stored at �20°C until use. For staining, 20 mm cryosections
were made and incubated in blocking/permeabilization solution con-
taining 3% NGS and 0.2% Triton-X in PBS. The sections were treated
overnight with appropriate primary antibodies or fluorescein-conjugated
WFA (1:500, Vector Laboratories) diluted in 1% NGS/0.2% Triton X-
100/PBS, followed by species-specific secondary antibodies for 2 h at
room temperature. The following primary antibodies were used: rabbit
anti- CD68 (Abcam); rat anti-C3 (Abcam); rabbit anti-NeuN (Abcam);
rabbit anti-Synaptotagmin 1 (Synaptic Systems); mouse anti-PSD-95
(Millipore); rabbit anti- TNFa (clone 2C8, Abcam ab8348); rabbit
anti-Iba1 (Wako Chemicals); rabbit anti-Tmem119 (Abcam); rat
anti-P2RY12 (BioLegend); mouse anti-PV (s ); and rabbit anti-Otx2
(Abcam).

Quantification of synaptic density and cell number. Images were
acquired using a SP8 confocal microscope with 20� magnification with
an image matrix of 1024� 1024 pixel, a pixel scaling of 0.2� 0.2mm and
a depth of 8 bit. Confocal images were collected in z stacks with a slice
distance of 0.4mm. Analyses of immunostaining and cell quantification
were performed using the National Institutes of Health ImageJ software.
The synaptic density was measured by confocal microscopy analysis of
anti-synaptotagmin, anti-PSD-95, and colocalized signals. To standard-
ize the imaging analysis, a z stack of optical sections from the hippocam-
pal CA3 region was captured from each section, then were counted in
each 10 mm2 square. The measurements from 10 randomly selected
squares were collected in each division for statistical analysis. For cell
number comparison, the measurements were made from 5 randomly
selected 300mm2 squares.

RNAscope assay. Mouse brain was freshly perfused and fixed in 4%
PFA for 24 h at 4°C. One day later, we immersed the brain in 30% su-
crose, allowing the tissue to sink to the bottom of the container. Brain
tissue was frozen on dry ice in the Optimal Cutting Temperature embed-
ding media, and cut into 15mm sections. The RNA probes were pur-
chased from Advanced Cell Diagnostics. The probes against mouse Sall1
(ACD, catalog #469661-C3), positive control (ACD, catalog #310771),
and negative probe (ACD, catalog #310043) were used. ISH was per-
formed using the RNAscope Flurorescent Multiplex Reagent Kit (ACD,
catalog #320850) according to the manufacturer’s instructions and as
described previously (Wang et al., 2012).

Purification of cell type-specific mRNA from CCR2-CreER; R26R-
TRAP mice. Bone marrow, peripheral blood, and dissected mouse brains
were immediately homogenized in ice-cold dissection buffer following
the previously described TRAP procedures (Heiman et al., 2014).
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Drug administration. The P10 pups were injected intraperitoneally
with RS102895 (20mg/kg #R1903, dissolved in 20% 2-hydroxypropyl-
b -cyclodextrin solution, Sigma Millipore, #H107), which is a specific
CCR2-receptor antagonist (Mirzadegan et al., 2000), or vehicle immedi-
ately after the MIA/HI insult.

Statistical analyses. Data are presented as the mean6 SEM.
Statistical analysis was performed using GraphPad Prism version 7.0
(GraphPad Software). Comparison between two groups was performed
by Student’s t test. Comparison between four groups (UN, MIA, HI, and
MIA/HI) of both sexes was performed by two-way ANOVA followed by
Tukey’s multiple comparisons post hoc test for behavior tests and tissue
loss results. Differences between four groups (UN, MIA, HI, and MIA/
HI) were analyzed by one-way ANOVA followed by Tukey’s multiple
comparisons post hoc test without considering the gender effect for most
results. For sample size � 4, a Kruskal–Wallis (H) test followed by
Dunn’s multiple comparison test was used. A p value, 0.05 was consid-
ered statistically significant. Specific statistical tests used were specified
in the corresponding figure legends.

Results
MIA amplifies NFjB signaling and inflammatory responses
to neonatal cerebral HI
We first examined whether prenatal MIA (at E12.5) primed the
offspring to mount more severe inflammatory responses to cere-
bral HI at P10, which is 18 d apart (Fig. 1A). When probed by
immunoblots at P11 (i.e., 24 h after HI, MIA/HI, or LPS-sensi-
tized HI), the MIA offspring and the ipsilateral cortex of post-HI
neonates exhibited a small increase of nuclear phosphorylated
NFkB/p65 and an inverse reduction of cytoplasmic IkBa, in
great contrast to marked responses in the MIA/HI or LPS/HI-
injured brains (Fig. 1B,C; n=3 from three litters for each group;
Kruskal–Wallis test, p, 0.0001; mean 6 SEM, UN=16 0.31,
MIA=3.216 0.62, HI= 2.766 0.67, MIA/HI= 11.666 0.88,
LPS/HI = 15.336 0.87; the LPS/HI-injured brains were used as a
positive control for NFkB induction). The MIA offspring brains
also showed a small, but significant, increase of IL-6, IL-17a, and
MMP9 mRNAs, but not the other examined proinflammatory
cytokines, in P11 offspring brains (Fig. 1D; n= 6 each for naive
and MIA). These results support a causal role for IL-6 and IL-
17a in MIA, as suggested previously (Smith et al., 2007; Choi et
al., 2016).

In contrast, the dual MIA/HI insult markedly elevated the
mRNA levels for all examined proinflammatory cytokines,
including IL-6, IL-17a, TNFa, MCP-1, IL-23, MMP9, TSPO
(translocator protein, a marker of microglial activation), and
OPN (osteopontin, another marker for macrophages/activated
microglia) compared with naive neonates and HI-injured neo-
nates (note the discontinuous scale of y axis in Fig. 1D; n= 6-9 in
each group; one-way ANOVA; IL-6, F(3,26) = 4.27, p=0.014;
IL-17, F(3,26) = 9.82, p= 0.0002; TNFa, F(3,26) = 4.91, p=0.0078;
MCP-1, F(3,26) = 2.81, p=0.049; TSPO, F(3,26) = 10.03, p= 0.0001;
IL-23, F(3,26) = 4.48, p=0.0115; MMP9, F(3,26) = 3.65, p=0.025;
OPN, F(3,26) = 4.21, p=0.014). Further, MIA neither induced
TUNEL-positive cell death nor caused discernible brain atrophy
in offspring, but it increased these brain injury indicators when
combined with neonatal HI (Fig. 1E–G; n= 3 for each group in
TUNEL stain; Kruskal–Wallis test, p=0.0003; mean 6 SEM,
UN=16 0.2, MIA= 1.686 0.46, HI= 11.926 3.36, MIA/HI=
37.876 7.51). Both male and female murine neonates showed
greater brain damage in MIA/HI injury than pure HI injury (Fig.
1G; n=4-11 for each group/gender in the brain atrophy analysis;
two-way ANOVA, F(2,34) = 24.62, p, 0.0001; mean6 SEM, MIA=
4.256 2.13, HI = 106 3.54, MIA/HI=47.366 6.07; female,
MIA=36 0.54, HI=12.56 3.94, MIA/HI=36.626 7.4). Together,

these results suggest that prenatal MIA is a primer for more severe
brain injury and inflammatory responses to cerebral HI in the off-
spring neonates.

HI preserves autistic-like behaviors in MIA offspring and
increases the synaptic damage
Next, we tested whether neonatal HI induces or obscures the
mouse versions of ASD symptoms in the MIA offspring.
Consistent with a previous report (Malkova et al., 2012), prenatal
MIA reduced USV by P11 pups when separated from dam and
the preference for an unfamiliar mouse over a novel object in
the three-chamber test (sociability), and produced a trend of
more marble-burying behaviors in adults (Fig. 2A–E; n = 7-
21 for each group/gender; two-way ANOVA, USV, F(3,125) =
28.21, p, 0.0001; sociability, F(3,64) = 12.41, p, 0.0001; dis-
tance traveled, F(3,69) = 28.21, p = 0.3; repetitive behaviors,
F(3,67) = 10.54, p, 0.0001). Pure-HI decreased USV only in
female P11 pups but had no effects on the sociability and re-
petitive behaviors in both male and female mice at 2months
of age (Fig. 2A–E; n = 8-22 for each test/gender). In contrast,
the MIA/HI-injured offspring maintained the aberrations in
USV, social preference, and repetitive behaviors similar to
the MIA offspring (Fig. 2A–E; n = 9-21 for each test/gender).
Of note, no difference in locomotor activity was noticed
between experimental groups, as shown by comparable trav-
eled distances in the three-chamber test (Fig. 2D, right).

We also quantified anti-synaptotagmin (presynaptic), anti-
PSD-95 (postsynaptic), and colocalized anti-synaptotagmin/PSD-
95 immunofluorescent puncta on confocal microscopy to com-
pare the effects of MIA, HI, and MIA/HI on the synaptic den-
sity in P17 hippocampus (Fig. 2F,G). We focused the analysis
on hippocampus because this region is rarely damaged under
the severity of HI and MIA/HI insult in our studies. To com-
pare both presynaptic and postsynaptic proteins allows us to
test tissue injury and determine whether the postsynaptic ma-
chinery is more closely linked to ASD-like anomalies, as sug-
gested by genetic studies (De Rubeis et al., 2014). This analysis
indicated that only dual-MIA/HI caused significant reduction
of anti-PSD-95 and anti-synaptotagmin/PSD-95 puncta (synap-
ses), but not the presynaptic anti-synaptotagmin puncta, in the
CA3 sector (Fig. 2F,G; n= 3 for each group; Kruskal–Wallis
test; mean 6 SEM, Syn1PSD951 puncta, p= 0.0284, UN= 16
0.11, MIA= 0.876 0.13, HI = 0.746 0.08, MIA/HI = 0.346 0.1;
Syn1 puncta, p=0.1427, UN=16 0.11, MIA=0.896 0.06, HI=
0.746 0.02, MIA/HI=0.856 0.03; PSD951 puncta, p=0.0.0289,
UN=1 6 0.11, MIA=0.76 0.11, HI=0.896 0.04, MIA/HI=
0.536 0.08). Likewise, immunoblots showed significant reduction
of PSD-95 and Homer-1, two ASD-related postsynaptic proteins
(Tsai et al., 2012; Lelieveld et al., 2016), and the Rett syndrome
protein MeCP2, but not synaptotagmin, in the ipsilateral hippo-
campus at 7 d after MIA/HI (Fig. 2H,I; n=3 for each group;
Kruskal–Wallis test; Syn protein levels, p=0.3529; PSD-95 protein
levels, p=0.048; Homer1 protein levels, p=0.0409; MeCP2 protein
levels, p=0.0462). In contrast, MIA and pure-HI had no consist-
ent effects on the expression of PSD-95, Homer-1, and MeCP2
(Fig. 2H,I). Further, the pattern of selective reduction of PSD-95
and Homer-1 in the MIA/HI-injured offspring hippocampus per-
sisted into 2months of age, when the animals showed impaired
sociability and repetitive behaviors (Fig. 2J,K; n=4 males for each
group; Kruskal–Wallis test; Syn protein levels, p=0.7111; PSD-95
protein levels, p, 0.0001; Homer1 protein levels, p, 0.0001). Of
note, the presynaptic protein synaptotagmin is largely unaffected
by MIA/HI, despite reduced PSD-95 and Homer-1 expression,

Chen et al. · Monocytes in Immune-Enhanced Newborn Brain Injury J. Neurosci., December 2, 2020 • 40(49):9386–9400 • 9389



Figure 1. MIA and neonatal HI have synergistic effects on NFkB signaling, proinflammatory cytokine production, and brain damage. A, Schematic diagram of the two-hit MIA/HI mouse
model. B, C, MIA only slightly elevated the NFkB signaling activity in the uninjured P10 offspring but markedly amplified the responses to HI in ipsilateral hemisphere at 24 h recovery. Shown
are the typical immunoblot against the nuclear phosphorylated NFkB and cytoplasmic IkBa in each condition (n= 3 from three litters). C, Quantification and statistical analysis. Data are
mean 6 SEM. pp, 0.05 (Kruskal–Wallis test followed by Dunn’s multiple comparison test). D, MIA elevated the IL-6, IL-17a, and MMP-9 transcripts in P10 offspring brains, whereas the
dual MIA/HI injury caused a significant increase of the mRNA levels in ipsilateral hemisphere for IL-6, IL-17a, MMP-9, TNFa, IL-23, TSPO, MCP1, and OPN compared with pure-HI injury at 24 h
recovery. UN, n= 6; MIA, n= 6; HI, n= 9; MIA/HI, n= 9. Data are mean6 SEM. pp, 0.05; ppp, 0.01; one-way ANOVA and Tukey’s multiple comparisons post hoc test. E, The combined
MIA/HI insult induced more TUNEL-positive cell death in the ipsilateral cerebral cortex at 24 h recovery than MIA or pure-HI (n= 3). Data are mean6 SEM. pp, 0.05 (Kruskal–Wallis test fol-
lowed by Dunn’s multiple comparison test). F, G, Representative brain sections in the MIA offspring and post-HI or post-MIA/HI mice at 7 d of recovery. pHI- or MIA/HI-injured hemisphere.
Quantification of bilateral brain size difference in the MIA offspring (no tissue loss) or the percentage of brain atrophy (to the contralateral hemisphere) in HI- and MIA/HI-injured neonates of
both sexes at 7 d of recovery (P17). There is no gender difference of tissue loss. Data are mean6 SEM in both sexes. pp, 0.05; ppp, 0.01; pppp, 0.0001; two-way ANOVA followed by
Tukey’s multiple comparisons post hoc tests.
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Figure 2. Dual-MIA/HI injury promotes autistic-like behaviors and synaptic defects. A, Representative USV plots for P11 mice in the indicated treatment groups. Note severe reduction of USV
in the MIA/HI-injured group. B, The total numbers of USVs emitted by P11 mice during 3 min in each group were compared. Data are mean6 SEM for both sexes. pp, 0.05; ppp, 0.01;
two-way ANOVA followed by Tukey’s multiple comparisons post hoc tests. The group sizes in males: UN (unchallenged, n= 15), MIA (n= 21), HI (n= 22), and MIA/HI (n= 21); in females, UN
(n= 10), MIA (n= 10), HI (n= 16), and MIA/HI (n= 18). C, D, Comparison of social interactions and the total traveled distance in the three-chamber test. After 5 min acclimatization, 8-week-
old adult mice in each group were allowed to explore all three chambers for 10 min. The SI was calculated as [time exploring novel mouse]/[time exploring novel mouse plus the inanimate
object], as previously described (Pietropaolo et al., 2011). Data are mean6 SEM for both sexes. pp, 0.05; ppp, 0.01; two-way ANOVA followed by Tukey’s multiple comparisons post hoc
tests. The sample sizes in males: UN (n= 8), MIA (n= 10), HI (n= 14), and MIA/HI (n= 11); in females, UN (n= 7), MIA (n= 8), HI (n= 8), and MIA/HI (n= 11). E, The repetitive marble-bur-
ying behavior was measured in a 15 min testing session. The MIA offspring and post-MIA/HI mice showed increased marble-burying behaviors than UN mice, while HI-injured mice showed no
such stereotyped behaviors. Data are mean 6 SEM for both sexes. pp, 0.05; ppp, 0.01; two-way ANOVA followed by Tukey’s multiple comparisons post hoc tests. The group sizes in
males: UN (n= 10), MIA (n= 11), HI (n= 12), and MIA/HI (n= 9); in females, UN (n= 7), MIA (n= 7), HI (n= 8), and MIA/HI (n= 11). F, G, Quantitation of anti-Synaptotagmin (Syn), anti-
PSD-95, and colocalized anti-Syn/anti-PSD-95 puncta in the hippocampal CA3 sector of P17 mice in each experimental group (n= 3 from three litters). Data are mean 6 SEM. pp, 0.05
(Kruskal–Wallis test followed by Dunn’s multiple comparison test). H, I, Immunoblotting analysis of presynaptic (Syn) and postsynaptic markers (PSD-95, Homer1), and the Rett syndrome pro-
tein MeCP2 in the hippocampus of uninjured, MIA offspring, post-HI, and post-MIA/HI mice at P17. Quantification showed that only dual-MIA/HI led to significant reduction of PSD-95, Homer1,
and MeCP2 (n= 3 for each group). Data are mean6 SEM. pp, 0.05 (Kruskal–Wallis test followed by Dunn’s multiple comparison test). J, K, Immunoblotting analysis of presynaptic (Syn)
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suggesting unique postsynaptic mechanisms that may inspire
autistic-like behaviors.

Dual MIA/HI boosts immune infiltrates and macrophages/
ameboid microglia in the brain
Greater immune responses to MIA/HI may arise in part
from increased immune infiltrates in the neonatal brains,
similar to the responses to combined LPS/HI injury (Yang et
al., 2013). To test this scenario, we used flow cytometry to
compare immune infiltrates in the brain parenchyma of
MIA offspring, post-HI, and post-MIA/HI neonates at P14
(i.e., 4 d after HI). Figure 3A shows the gating strategy and the
representative cytometry plots of unchallenged (UN), MIA-
alone, and both hemispheres of HI- and MIA/HI-injured
mouse brains. Figure 3B, C shows the percentage and numbers
of neutrophils (CD45hiCD11b1Ly6G1), monocyte/macro-
phages (CD45hiCD11b1Ly6G–), CD31 T cells (CD451CD11b–

CD31gdTCR–), and gdT cells (CD451CD11b–CD31gdTCR1).
This analysis showed comparable percentages and cell counts of
these immune infiltrates in the unchallenged, MIA offspring, and
HI-injured neonates (in both hemispheres). For MIA/HI-injured
neonates, only the ipsilateral hemispheres contained signifi-
cantly increased neutrophils, monocyte/macrophages, CD31

T cells, and gdT cells (Fig. 3B,C, UN = 6, MIA = 11, HI = 9,
MIA/HI = 7, as indicated; one-way ANOVA; Fig. 3B, neutro-
phil percentage, F(5,43) = 3.341, p = 0.0123; monocyte/macro-
phage percentage, F(5,43) = 162.6, p, 0.0001; CD31 T cells
percentage, F(3,29) = 9.656, p, 0.0001; gdT cells percentage,
F(5,43) = 13.84, p, 0.0001; 3C, neutrophils, F(5,43) = 4.219,
p=0.0136; monocyte/macrophages, F(3,29) = 13.6, p, 0.0001;
CD31 T cells, F(3,29) = 14.81, p, 0.0001; gdT cells, F(3,29) = 7.291,
p=0.0009). In addition, the microglia (CD45int/CD11b1/Ly6G–)
and monocyte/macrophages (CD45hi/CD11b1/Ly6G–) in post-
MIA/HI brains showed increased expression of Trem2 (Fig. 3D,E;
n=6-11 in each group, as indicated; one-way ANOVA; mono-
cyte/macrophages, F(3,29) = 6.567, p=0.0016; microglia; F(3,29) =
13.1, p, 0.0001), a microglial effector that is implicated in synapse
elimination (Filipello et al., 2018).

We also used CX3CR1GFP/1 mice to visualize the morphology
of microglia in these conditions (Jung et al., 2000). Interestingly,
ameboid microglial cells (AMCs) were detected in a rising inci-
dence in the hippocampus of unchallenged (0/4), MIA offspring
(2/11), post-HI (6/10), and post-MIA/HI (9/9) neonates at P17
(Fig. 3F). These AMCs formed clusters most frequently in the
CA3 sector and expressed CD68 plus complement component 3
(Fig. 3G), suggesting proinflammatory and synapse-eliminating
actions (Schafer et al., 2012; Wu et al., 2015). Together, these
results suggest that combined MIA/HI has a greater potency to
provoke immune infiltrates and AMCs that may endanger the
synaptic network in offspring brains.

Dual MIA/HI potently attracts Otx2-expressing monocytes
and elevates the PNN intensity
To test the origins of the CX3CR1GFP/1 AMC clusters, we used
CCR2RFP/1; CX3CR1GFP/1 mice (hereafter referred to as R/G

mice) to compare the influx of CCR2RFP1 monocytes in MIA-,
HI-, and MIA/HI-injured neonatal brains (Saederup et al., 2010).
This analysis showed near-absence of CCR2RFP1 monocytes in
naive or MIA offspring brains, but many CCR2RFP1 cells coin-
ciding with CX3CR1GFP1 AMC clusters in the ipsilateral hippo-
campus of post-MIA/HI, and to a lesser extent in HI-injured
brains, at 7 d of recovery (Fig. 4A,B; n. 6 each for imaging and
n= 3 each for quantification; Kruskal–Wallis test, p=0.0006;
RFP1 cells, mean 6 SEM, UN=06 0, MIA=0.336 0.33,
HI = 52.336 5.04, MIA/HI= 1086 25.14). Importantly, many
CCR2RFP1 cells were also CX3CR1GFP1 (Fig. 4A, bottom row),
raising the possibility of “monocyte-to-microglia transition” in
the post-MIA/HI brains.

We also assessed the possibility of monocytic expression of
Otx2, a homeoprotein that is usually synthesized only in the choroid
plexus, but secreted globally to promote PNN formation (Spatazza
et al., 2013), among these experimental groups. Interestingly, dou-
ble-labeling showed increased anti-Oxt2 immunosignals often in
CCR2RFP/1 cells at 7d after MIA/HI (Fig. 4C,D; n=3 for each con-
dition; Kruskal–Wallis test, p=0.0002; RFP1Otx21 cells, mean 6
SEM, UN=0.336 0.33, MIA=0.666 0.66, HI=8.336 0.88, MIA/
HI=82.666 6.83). Moreover, the MIA/HI-injured brains con-
tained the highest number of WFA-wrapped hippocampal PV neu-
rons at 7 d of recovery (Fig. 4E,F; n=3 each for quantification;
Kruskal–Wallis test, p=0.0002; WFA1PV1 cells, mean 6 SEM,
UN=1.666 1.66, MIA=13.36 1.66, HI=26.666 6, MIA/HI =
61.666 8.81). These results suggest that invading monocytes
after MIA/HI may constitute an ectopic source of Otx2 to
promote PNN formation in neonatal brains.

Infiltrating monocytes undergo in situ reprograming of
transcription and metamorphosis
The prevalence of CX3CR1GRP1 CCR2RFP1 cells in post-MIA/
HI brains raised the possibility of “monocyte-to-microglia transi-
tion,” as recently shown in neonatal stroke (Chen et al., 2020).
To test this scenario, we crossed CCR2-CreER(T2) transgenic
mice with ROSA26R-CAG-ZsGreen (Ai6) reporter mice, and
dosed the bitransgenic MIA offspring with tamoxifen
(10mg/kg/day) at P8-P9 before HI insult at P10, to identify
GFP1 monocytes and their derivatives in post-MIA/HI
brains. The CCR2-CreER-based fate-mapping method has
the advantage of permanently labeling monocyte derivatives,
which may “disappear” in CCR2RFP/1 mouse brains if/when
they no longer express the monocytic marker CCR2
(Saederup et al., 2010).

In CCR2-CreERtg/1; Ai6tg/1 mice (referred to as bitransgenic
CCR2-CreER mice) of MIA offspring, tamoxifen dosing pro-
duced GFP1 monocytes only in the choroid plexus (Fig. 5A). In
contrast, tamoxifen-dosed and MIA/HI-injured bitransgenic
CCR2-CreER mice contained copious GFP1 cells in the ipsilat-
eral cerebral cortex and hippocampus, but not in the contralat-
eral hemisphere, at 4 or 30 d of recovery (Fig. 5B–E,L–O; n. 4
for each time point). The GFP1 monocyte derivatives mostly dis-
played an ameboid cell shape and were labeled by anti-Iba1, anti-
CD68, and anti-TNFa at 4 d after MIA/HI (Fig. 5F–K, arrows),
suggesting proinflammatory actions at this age. By 30 d after
MIA/HI, many EGFP1 monocyte derivatives coalesced to form
large clusters in the ipsilateral cerebral cortex, but many
remained individually visible and adopted a ramified microglia-
like morphology (Fig. 5L–U). Yet, a subset of non-AMC mono-
cyte derivatives still expressed the proinflammatory markers
CD68 and TNFa at 30 d after MIA/HI (Fig. 5R–U). Further,
both ameboid and ramified monocyte derivatives expressed the

/

and postsynaptic markers (PSD-95, Homer1) in unchallenged, MIA offspring, post-HI, and
post-MIA/HI mouse hippocampus in P60 mice. Quantification showed that only dual-MIA/HI
insult led to significant reduction of PSD-95, Homer1 (n= 4 males for each group). Data are
mean 6 SEM. pp, 0.05 (Kruskal–Wallis test followed by Dunn’s multiple comparison
test). NS: not significant.
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Figure 3. Dual-MIA/HI increases immune infiltrates, particularly monocytes, into the brain. A, The gating strategy and representative flow cytometry plots of immune infiltrates in brain pa-
renchyma, including microglia (CD45int/CD11b1/Ly6G–), monocyte/macrophages (CD45hi/CD11b1/Ly6G–), neutrophils (CD45hi/CD11b1/Ly6G1), CD31 T cells (CD451/CD11b–/CD31/
gd TCR–), and gd T cells (CD451/CD11b–/CD31/gd TCR1) in P14 naive and MIA offspring mice and HI- and MIA/HI-injured mice at 4 d of recovery (i.e., P14). B, C,
Quantification of the immune infiltrates in brain parenchyma in P14 naive and MIA offspring plus HI- and MIA/HI-injured mice at 4 d of recovery (i.e., P14). Note the significant
increase of monocyte/macrophages (Mo/Mw ), CD31 T, and gd T cells in brain parenchyma after dual-MIA/HI compared with pure-HI injury. N = 6-11 for each group, as indi-
cated. Data are mean 6 SEM. pp, 0.05; ppp, 0.01; pppp, 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons post hoc tests. D, E, Histograms of the anti-
Trem2-labeling intensity in Mo/Mw and microglia in each condition (n = 6-11 per group, as indicated). Note greater anti-Trem2 labeling in both Mo/Mw and microglia in post-
MIA/HI than post-HI neonate brains. Data are mean 6 SEM. pp, 0.05; ppp, 0.01; pppp, 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons post hoc tests.
F, Quantitative comparison of the incidence of hippocampal ameboid microglial clusters (AMCs) in UN (n = 4), MIA (n = 11), pure-HI (n = 10), and MIA/HI-injured neonate brains
(n = 9). G, Representative images of the absence (in UN) and presence of hippocampal CX3CR1GFP1 AMCs in each group. Bottom, AMCs were labeled by anti-CD68 and anti-com-
plement component 3 (C3) (n = 3 for each group). Scale bar, 100mm.
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Sall1 mRNAs, a presumed “microglial signature gene,” at 30
d after MIA/HI (Fig. 6A; n = 3) (Bennett et al., 2016; Prinz et
al., 2019).

We also derived bitransgenic heterozygous CCR2-CreER-
TRAP mice by crossing CCR2-CreER(T2) mice with the
ROSA26R-EGFP/RpL10A mice. The CCR2-CreER-TRAP mice
after tamoxifen-dosing enabled us to use TRAP to isolate
mRNAs in monocytes and derivatives from 4 to 14 d after MIA/
HI for transcriptome analysis (Heiman et al., 2014). Compared
with CCR21 monocytes in the bone marrow and peripheral
blood, the invading monocytes showed a rapid decline of
CCR2 (a monocyte marker) and a surge, then decline, of
TNFa mRNAs, plus an inverse increase of Sall1, Tmem119,
and P2RY12 (all microglia marker genes) and Otx2 (impli-
cated in PNN formation) from 4 d to 14 d after MIA/HI,
while the Otx1 mRNAs (unrelated to PNNs) showing ran-
dom fluctuations (Fig. 6B; n = 3 for each condition; each

sample was pooled from three mouse brains; Kruskal–Wallis
test; CCR2 mRNAs, p = 0.048; Sall1 mRNAs, p, 0.0001;
Tmem119 mRNAs, p = 0.047; TNFa mRNAs, p = 0.0003;
P2RY12 mRNAs, p = 0.0208; Otx2 mRNAs, p, 0.0001; Otx1
mRNAs, p=0.9103). Congruently, immunofluorescence labeling
showed more robust and discrete Tmem119 and P2RY12 expres-
sion in GFP1 monocyte derivatives at 30 d than 4 d after MIA/HI
(Fig. 6C,D). Fate-mapping using bitransgenic CCR2-CreER mice
also confirmed the expression of Otx2 in both amoeboid and
ramified monocyte derivatives in 30 d post-MIA/HI brains (Fig.
7A; n=3; Student’s t test, p=0.023; Otx21 cells, mean 6 SEM,
UN=46 1.52, MIA=1596 43.48). Further, the WFA-wrapped
PV neurons were often surrounded by GFP1 monocyte
derivatives in the hippocampal CA3 sector at 30 d after MIA/
HI (Fig. 7B; n = 3). Together, these results support “mono-
cyte-to-microglia transition” and monocytic Otx2 expression
after MIA/HI injury.

Figure 4. Dual-MIA/HI boosts monocytic infiltrates, Otx2 expression, and PNNs in the brain. A–D, CCR2RFP/1; CX3CR1GFP/1 (R/G) mice were used to compare monocyte infiltration (A,B) and
Otx2 expression (C,D) under the indicated conditions in P17 hippocampus (i.e., 7 d after the HI insult). A, Rectangles in the CA3 area in the top row were magnified in the two bottom rows
and for quantification. Note the increase of RFP1 monocytic infiltrates often colocalized as GFP1 AMCs (second and third row in A) after combined MIA/HI (B, n= 3 from three litters for each
group). The post-MIA/HI neonates also showed the largest number of Otx21 and Otx21 RFP1 cells (C,D; n= 3 from three litters for each group). E, F, Immunostaining of WFA, and PV in the
hippocampus and CA3 sector of P17 mice in indicated conditions. Post-MIA/HI neonate brains contained the largest number of WFA-enwrapped PV1 interneurons (n= 3 for each). Data are
mean6 SEM. pp, 0.05 (Kruskal–Wallis test and Dunn’s multiple comparison test). Scale bar, 100mm. NS: not significant.
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Blocking monocytes infiltration attenuates MIA/HI-induced
autistic-like behaviors
To test whether monocytic infiltrates promote PNNs and autistic-
like behaviors after MIA/HI, we first compared the numbers of
WFA-enwrapped PV neurons in the hippocampal CA3 sector
between WT and CCR2RFP/RFP mice. In homozygous CCR2RFP/RFP

mice, the CCR2 receptor is deleted, thus disabling monocytes to
respond to the chemoattractant MCP1/CCL2 after injury (Saederup
et al., 2010). This experiment showed that CCR2RFP/RFP mice con-
tained significantly fewer WFA-enwrapped hippocampal PV neu-
rons than WT mice at 30 d after MIA/HI (Fig. 7C; n=4 for each
group; Kruskal–Wallis test, p=0.0036; mean 6 SEM, WFA1PV1

cells, UN=46 1, WT-MIA/HI=546 5.03, CCR2RFP/RFP-MIA/
HI=106 1.45). Similarly, CCR2RFP/RFP mice of both sexes showed

recovered USV at P11 (compare the results in Fig. 7D to
unchallenged mice in Fig. 2B), fewer repetitive behaviors
plus improved social interactions than WT mice at P60 (Fig.
7D–F; n = 7-12 per group; two-way ANOVA, USV, F(2,46) =
13.21, p, 0.0001; repetitive behaviors, F(2,30) = 10.85, p =
0.0003; sociability, F(2,30) = 11.81, p = 0.0002). Control
experiments showed that unchallenged WT, CCR2RFP/1, and
CCR2RFP/RFP mice showed no difference in USV, sociability,
and repetitive behaviors at 2 months of age (Fig. 7G–I).

In addition, post-HI injection of 20mg/kg RS102895, a CCR2
antagonist (Mirzadegan et al., 2000), preserved USV at P11 and
prevented repetitive behaviors plus aberrant sociability in both
male and female post-MIA/HI mice at 2months of age (Fig.
7D–F; n= 5-9, as indicated). These results suggest that CCR21

Figure 5. Fate-mapping experiments using CCR2-CreER(T2) mice showed morphologic alterations in post-MIA/HI brains. A, Infiltrating GFP1 monocyte derivatives were present only the cho-
roid plexus (CPx) of P40 MIA offspring brains, when tamoxifen was injected at P8 and P9. B–U, In contrast, tamoxifen-dosed and MIA/HI-injured bitransgenic CCR2-CreER mice contained copi-
ous GFP1 cells in the ipsilateral cerebral cortex and hippocampus (B–E,L–O). At 4 d after MIA/HI, GFP1 monocyte derivatives were populated in the ipsilateral, but not contralateral,
hemisphere. The indicated rectangles are magnified as the hippocampal (D, HIP) and cerebral cortex (E, CTX) regions. The majority of GFP1 monocyte derivatives showed a round shape (E–K,
arrows) at 4 d after MIA/HI, and were labeled by anti-Iba1 (F,G), anti-CD68 (H,I), or anti-TNFa (J,K). At 30 d of recovery, many monocyte derivatives adopted a ramified microglia-like mor-
phology but remained colabeled by anti-Iba1, anti-CD68, or anti-TNFa (P–U, arrows). n= 3 each for 4 and 30 d after MIA/HI. Scale bar, 100mm.
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monocytes contribute to ectopic PNNs and ASD-like behaviors
after MIA/HI injury.

Discussion
ASD is a heterogeneous group of neurodevelopmental disor-
ders across multiple contexts that is presumably caused by
complex interactions among multiple genetic, immune, and
environmental factors (American Psychiatric Association,
2013). Accordingly, no animal model based on a single risk
factor can capture all the cellular and behavioral features of
ASD (Servadio et al., 2015). Yet, by focusing on the animal
versions of core ASD symptoms (Malkova et al., 2012), one
can test the interaction of relevant genetic, immune, and envi-
ronmental factors to bridge the differences between experi-
mental models and clinical symptoms. Using a novel two-hit
model, the results of this study suggest cooperation between
prenatal MIA and neonatal brain injury to promote autistic
deficits that are contributed by monocytic infiltrates.

MIA-neonatal brain injury interactions in the pathogenesis
of ASD
The idea that prenatal neuroimmune mechanisms may contrib-
ute to the onset of ASD originated from the finding of a higher
prevalence of autism in children with congenital Rubella syn-
drome in the 1970s (Meyer, 2014; Estes and McAllister, 2016).
This concept was further supported by the rodent MIA model, in
which injection of virus-mimicking poly(I:C) at mid-gestation to
dam leads to autistic-like behaviors in the offspring (Malkova et
al., 2012). However, not all children with congenital Rubella de-
velop ASD. Similarly, the autistic-like symptoms in the rodent
MIA model are modified by multiple environmental factors,
including the gut microbiota (Hsiao et al., 2013). Further, the
rodent MIA model appears rather inefficient to activate micro-
glial or provoke synaptic deficits like those reported in ASD
patients (Morgan et al., 2010; Suzuki et al., 2013; De Rubeis et al.,
2014). These disparities suggest that prenatal infection and MIA
may only alter the immune system in offspring, making the

Figure 6. Monocyte derivatives gradually express “microglia-specific” markers and Otx2 in post-MIA/HI brains. A, RNAscope ISH detected Sall1 mRNAs in GFP1 monocyte derivatives in 30 d
post-MIA/HI brains (n= 3). Scale bar, 100mm. B, TRAP-based qRT-PCR analysis with CCR2-CreER(T2); ROSA26R-EGFP/RpL10A mice showed rapid decline of CCR2 mRNAs, a surge-then-decline
of TNFa mRNA, and a gradual increase of Sall1, P2RY12, Tmem119, and Otx2 mRNAs in monocyte derivatives from 4-7 to 14 d post-MIA/HI brains compared with the expression levels in
monocytes in the bone marrow (BM) and peripheral blood (PB). In contrast, monocyte derivatives showed no clear pattern of Otx1 mRNA alterations in post-MIA/HI brains. Data are mean6
SEM for each condition (n= 3). pp, 0.05 (Kruskal-Willis test followed by Dunn’s multiple comparison test). C, D, Immunofluorescence labeling of Tmem119 and P2RY12, two microglial
markers, became more robust in GFP1 monocyte derivatives along with morphologic transition into a ramified cell shape from 4 to 30 d after MIA/HI. Shown are the representative images
from n= 3 for both post-MIA/HI dates. Scale bar, 100mm. NS: not significant.
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offspring brain more sensitive to an array of secondary hits,
including neonatal HI (Badawi et al., 2006; van Handel et al.,
2007; Getahun et al., 2017).

In this study, we combined prenatal poly(I:C)-induced MIA
and cerebral HI at postnatal day 10 to form a novel, two-hit
MIA/HI model. Previous study has shown that poly(I:C) pre-
treatment at 14 h before HI increased neonatal damage brain
(Stridh et al., 2013), but to our knowledge, the present study is
the first to demonstrate sensitization effects by prenatal injection
of poly(I:C) on neonatal HI insult in the offspring. Our results

confirmed that MIA per se is a feeble stimulus of microglia in
the offspring (Smolders et al., 2015; Bergdolt and Dunaevsky,
2019), but it skews the offspring toward intensified immune
responses to a secondary HI insult. Conversely, neonatal HI by
itself fails to elicit autistic-like symptoms, nor did it conceal the
aberrant behaviors in MIA offspring. Rather, the combined
MIA/HI insult produces autistic-like behaviors with additional
features, including monocytic infiltrates, amoeboid microglial
clusters, increased PNNs, plus reduced synaptic density and the
PSD-95, Homer-1, and MeCP2 expression (Figs. 2-4). Notably,

Figure 7. CCR2-targeted intervention reduces PNN and autistic-like behaviors after MIA/HI. A, Immunostaining showed that many GFP1 monocyte derivatives continued to express Otx2 at
30 d after MIA/HI in CCR2-CreER(T2); R26R-CAG-ZsGreen (Ai6) mice. The dual-MIA/HI insult also markedly increased the number of Otx21 cells in the hippocampal CA3 sector at 30 d after MIA/
HI (n= 3). Scale bar, 100mm. Data are mean6 SEM. pp, 0.05 (Student’s t test). B, Immunostaining showed that WFA-wrapped PV1 neurons were often surrounded by GFP1 monocyte
derivatives in the hippocampus at 30 d after MIA/HI in CCR2-CreER(T2); R26R-CAG-ZsGreen (Ai6) mice (n= 3). Scale bar, 100mm. C, CCR2RFP/RFP mice showed significantly fewer WFA-wrapped
PV1 neurons in the hippocampal CA3 sector than WT mice at 30 d after MIA/HI (n= 4 for each group). Scale bar, 100mm. Data are mean6 SEM. pp, 0.05 (Kruskal–Wallis test followed
by Dunn’s multiple comparison test). D–F, RS102895 treatment and CCR2 deletion (in CCR2RFP/RFP mice) significantly reduced MIA/HI-induced aberrations in USV (D), stereotyped marble-bury-
ing behaviors (E), and social preference index (F,G) in mice of both sexes at 2 months of age, except for female CCR2RFP/RFP mice in USV. Control experiments showed that unchallenged WT,
CCR2RFP/1, and CCR2RFP/RFP mice showed no difference in USV, sociability, and repetitive behaviors at 2 months of age G–I. G–I, CCR2 deficiency did not cause autistic-like behaviors. WT,
CCR2RFP/1, and CCR2RFP/RFP mice showed comparable performance in USV (G), social interaction preference (H), and stereotyped marble-burying behaviors (I). The sample size for each group
was labeled. Data are mean6 SEM for both sexes. pp, 0.05 (two-way ANOVA and Tukey’s multiple comparisons post hoc test). NS: not significant.
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microglia activation and loss-of-function mutations of PSD-95,
Homer-1, and MeCP2 are detected in the ASD or Rett syndrome
patients (Morgan et al., 2010; Tsai et al., 2012; Suzuki et al., 2013;
De Rubeis et al., 2014; Lelieveld et al., 2016). Whether ASD
patients have a reduced synaptic density is less certain, but syn-
aptic dysfunction and elimination are often encountered in neu-
ropsychiatric disorders (Sekar et al., 2016; Martínez-Cerdeño,
2017; Lima Caldeira et al., 2019). Forced expression of autism-
related Shank3 also stimulates functional dendritic spine synap-
ses (Roussignol et al., 2005). Hence, the two-hit MIA/HI model
appears to capture a broader spectrum of ASD aberrations than
the standard MIA model. Future studies are warranted to test
whether the combination of autism-related mutations with neo-
natal HI also enhance the ASD-specific behavioral and patho-
logic aberrations in mice.

Are these additional ASD-like features after MIA/HI insult
entirely because of increased brain injury? Two lines of reasoning
suggest against this scenario. First, although the MIA/HI-injured
offspring showed reduced expression of postsynaptic PSD-95
and Homer-1, plus MecP2, in the hippocampus, the amount of
presynaptic synaptotagmin protein was not lessened, as would be
expected by greater brain damage. Rather, our results resonate
with the preferential postsynaptic deficits in ASD, as shown by
human genetic studies and microglia-mediated synaptic elimina-
tion in animal model (Schafer et al., 2012; De Rubeis et al., 2014;
Wu et al., 2015). Second, although 10% oxygen was used for hy-
poxia in our study to minimize the HI and MIA/HI insult, previ-
ous studies using more severe hypoxia (8% oxygen) did not
report autistic-like behaviors in injured murine neonates (Ten et
al., 2004; Diaz et al., 2017), suggesting that severe HI brain dam-
age per se does not guarantee ASD-like symptoms. Nevertheless,
future studies are warranted to test whether mice subjected to
acute LPS- or poly(I:C)-sensitized HI injury develop social inter-
action deficits (Eklind et al., 2005; Stridh et al., 2013; Yang et al.,
2013).

Monocytes in the two-hit MIA/HI model of
neurodevelopmental defects
Regarding the pathologic mechanisms of MIA, a commonly held
view posits that MIA induces maternal effectors, such as IL-17a
or IL-6, to directly attack the fetal brains, although permanent
immune dysregulation in adult offspring was also reported

(Smith et al., 2007; Hsiao et al., 2012; Choi et al., 2016). A recent
study indicates that the peripheral inflammatory stimuli in adult
mice induce long-term immune memory in the microglia via
epigenetic reprogramming (Wendeln et al., 2018). Thus, prenatal
MIA may modify the “responsiveness” of monocytes or other
immune cells to a secondary neonatal HI insult in offspring.
Consistent with this hypothesis, neither MIA nor pure-HI elicits
robust NFkB signaling in neonatal brains, but the combination
of both insults exerts synergistic effects and is particularly potent
in attracting the influx of monocytes and the formation of PNNs
while reducing the synaptic density. Moreover, genetic or phar-
macological intervention of the MCP1-CCR2 chemoattractant
pathway significantly reduced autistic-like behaviors and WFA-
enwrapped PV neurons in the MIA/HI-injured mice (Fig. 7).
These results suggest important functions of monocytes in the
two-hit model of neurodevelopmental defects (Fig. 8).

Our results also suggested several mechanisms by which
monocytes may induce autistic-like behaviors. First, because
invading Ly6Chi monocytes are known to secrete proinflamma-
tory cytokines and interact with the resident microglia to cause
tissue injury (Geissmann et al., 2003; Murray, 2018), the greater
influx of monocyte in post-MIA/HI brains may augment struc-
tural destruction to perturb neurodevelopment. Second, while
peripheral monocytes have a short half-life in the blood, our
fate-mapping experiment using CCR2-CreER mice showed that
monocyte derivatives can survive for up to 30 d and express
TNFa in post-MIA/HI brains (Figs. 5, 6). The expression of
Trem2 was also increased in the microglia and Mo/Mw after
dual MIA/HI insult (Fig. 3). Because both TNFa and Trem2
have been implicated in microglia-mediated synaptic elimina-
tion, their continuous expression by monocyte derivatives after
MIA/HI brain injury may facilitate synaptic impairment (Schafer
et al., 2012; Wu et al., 2015). Third, our results showed that the
infiltrating monocytes expressed Otx2, a homeoprotein and the
key regulator of PNN formation (Fawcett et al., 2019), correlated
with autistic-like behaviors in post-MIA/HI offspring (Figs. 4, 7).
These results suggest that monocytic infiltrates may provide an
ectopic source of Otx2 to promote PNNs and interfere with the
development of neural network.

In conclusion, our study introduces a novel two-hit model of
neurodevelopmental defects and suggests the contribution by
monocytes to the onset of autistic-like behaviors after combined

Figure 8. Mechanism by which monocytes may induce autistic-like behaviors after MIA/HI. We hypothesize that prenatal infection/MIA (first-hit) sensitizes monocytes to infiltrate into the
offspring brain after perinatal HI injury (second-hit). Infiltrating monocytes and their derivatives produce Otx2 and proinflammatory cytokines (e.g., TNFa) to promote PNNs and synaptic elimi-
nation, respectively, leading to impaired neural network and autistic-like behaviors (created with BioRender).
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MIA/HI. Limited by its scope, the present study has not defined
the nature of immune priming of monocytes in the MIA off-
spring. Future studies are warranted to determine whether the
“MIA-mediated priming” involves epigenetic reprogramming of
monocytes or accelerated maturation of the immune system as a
whole. Finally, examining the effects of monocyte-specific dele-
tion of Otx2 or TNFa might help to unravel the molecular
underpinnings of autistic-like behaviors.
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