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Prenatal inflammation impairs early
CD11c-positive microglia induction and
delaysmyelination inneurodevelopmental
disorders
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Histological chorioamnionitis (HCA) is a form of maternal immune activation (MIA) linked to an
increased risk of neurodevelopmental disorders in offspring. Our previous study identified
neurodevelopmental impairments in an MIA mouse model mimicking HCA. Thus, this study
investigated the role ofCD11c+microglia, key contributors tomyelination through IGF-1 production, in
this pathology. In the mouse model, the CD11c+ microglial population was significantly lower in the
MIA group than in the control group on postnatal day 3 (PN3d). Furthermore, myelination-related
protein levels significantly decreased in the MIA group at PN8d. In humans, preterm infants with HCA
exhibited higher IL-6 and IL-17A cord-serum levels and lower IGF-1 levels than those without HCA,
followed by a higher incidence of delayed myelination on magnetic resonance imaging at the term-
equivalent age. In silico analysis revealed that the transient induction of CD11c+microglia during early
development occurred similarly in mice and humans. Notably, a lack of high CD11c+ microglial
population has been observed in children with neurodevelopmental disorders. This study reports
impaired induction of CD11c+ microglia during postnatal development in a mouse model of MIA
associated with delayed myelination. Our findings may inform strategies for improving outcomes in
infants with HCA.

Emerging evidence supports the maternal immune activation (MIA)
hypothesis, which advocates that exposure to inflammation in utero
adversely affects neurodevelopment. The original theory of MIA focused
onlyonchildrenborn tomotherswhohadviral infectionsduringpregnancy.
In addition, most experimental studies were conducted using poly(I:C), a
Toll-like receptor-3 agonist1,2.However, elevated levels of interleukin-17 (IL-
17), produced by T-helper 17 (Th17) cells, have been identified as the main
causative factor ofMIA3,4. Consequently, the triggers of this condition are no
longer considered limited to viral infections, and the scope ofMIA has been
expanded to encompass several autoimmuneand inflammatorydisorders5–7.

Chorioamnionitis, the leading cause of intrauterine inflammation and
preterm birth, is related to IL-17A pathology, including cerebral palsy8.
Notably, prematurity is insufficient to cause fetal neurological aberrations,
and intrauterine inflammation is necessary for such impairments9. Ameta-

analysis revealed that only histological chorioamnionitis (HCA), not clinical
chorioamnionitis, poses a risk for cerebral palsy in preterm and term
infants10. Furthermore, HCA presents long-term adverse neurodevelop-
mental outcomes11–13 and has been associated with autism spectrum dis-
order (ASD)12,14. The gram-negative endotoxin lipopolysaccharide (LPS)-
induced inflammation model is commonly used as a chorioamnionitis-
induced perinatal brain injury model15–20. Additionally, our previous find-
ings revealed that the offspring of the LPS model exhibited pathological
changes in the fetal brain21 and ASD-like behavioral deficits22. However, the
underlying pathological mechanisms remain unclear.

Activatedmicroglia are critical players in neuroinflammatory diseases.
Moreover, microglia play a physiological role in neurodevelopment,
including axonal growth regulation23,24. CD11c+microglia, amajor sourceof
insulin-like growth factor (IGF)-125, are critical for myelination and have
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been reported to significantly expand during postnatal days 3–5
(PN3–5 d)26. Proliferative region-associated microglia (PAM) express
Cd11c and appear transiently during the first postnatal week27. Moreover,
CD11c+ spiral microglia produce IGF-1 and are involved in the recovery of
neuropathic pain28. CD11c+ microglia are required for developmental
myelination, and the loss of CD11c+ microglia is associated with demyeli-
nation in multiple sclerosis29–32.

Currently, the effects ofMIAonCD11c+microglia remain unexplored.
In our previous study, we identified impaired sociability and cognition, and
reduced oligodendrocyte numbers in an LPS-induced MIA mouse
model21,22. In this study,we expandedonourprevious research to explore the
mechanisms of poor neurodevelopment in children exposed toHCA, with a
particular focus on the involvement of CD11c microglia. Here, we demon-
strated that the induction of CD11c in the corpus callosum during early
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development is suppressed in the MIA mouse model, which may result in
subsequent impaired myelination. Furthermore, we revealed the increased
incidence of delayedmyelination inhumanpreterm infants exposed toHCA
using magnetic resonance imaging (MRI) at a term-equivalent age.

Results
Decreased CD11c+ microglia in PN3d pups in the MIA group
The brain and bodyweights of theMIA groupwere significantly lower than
those of the control group at PN3d (Supplementary Fig. 1A).Weperformed
flow cytometric analyses of microglia from the MIA offspring to examine
whether the CD11c+microglial populationwas altered byMIA (Fig. 1A, B).
The percentage of CD11c+ microglia among the total microglia in theMIA
group was significantly lower than that in the control group at PN3d
(Fig. 1C, p < 0.001). However, the percentage of CD11c+ microglia did not
significantlydiffer between the control andMIAgroups at PN1d,PN8d, and
PN6w (Fig. 1C). The numbers of monocytes showed no differences at any
time point in both groups (Fig. 1C). However, the number of neutrophils in
the MIA group showed an approximately three-fold increase compared to
the control group at PN1d (Fig. 1C, p = 0.018), and no difference was
detected in both groups after PN3d (Fig. 1C). The number of T cells showed
increasing trends as the days progressed in both the control and MIA
groups (Fig. 1C).

Fluorescent immunostaining showed that CD11c+ microglia were
present in clusters on the left and right lateral sides of the corpus callosum
and in the cortico-septal boundary and were barely detectable in the cortex
and hippocampus at PN3d (Fig. 1D). The number of IBA1+microglia in the
corpus callosumwere similar between the control andMIA groups at PN3d
(Fig. 1E). However, IBA1+CD11c+ cells significantly decreased in the MIA
group at PN3d (Fig. 1E, p = 0.038), whereas those in the cortico-septal
boundary did not significantly differ between the control and MIA groups.
The number of IBA1+CD11c+ microglia in MIA offspring did not sig-
nificantly differ between the control and MIA groups at PN8d (Supple-
mentary Fig. 1B, C). Moreover, these IBA1+CD11c+ microglia expressed
CLEC7A (a PAM marker) at a significantly higher percentage at PN8d in
both the control and MIA groups (Fig. 1F, G; p = 0.017 and p < 0.001,
respectively) and at a higher trend at PN3d compared to the IBA1+CD11c−

microglia (Fig. 1G).
We performed a similar analysis using CD11c-Venus transgenic mice

to complement the staining intensity of CD11c (methods are detailed in the
Supplementary Methods). Similarly, CD11c+ microglia were significantly
fewer in the corpus callosumofPN3doffspring in theMIAgroup than those
in the control group (p = 0.002, Supplementary Fig. 2). Additionally, these
CD11c+ microglia were positive for P2Y12R, indicating that they were not
infiltrating macrophages (Supplementary Fig. 2).

RNA-seq analysis was performed to explore the distinct character-
istics of microglia at PN3d in both the control andMIA groups (Fig. 2A).
In total, 852 genes were identified as DEGs, of which 618 were upregu-
lated and 234 downregulated in PN3d-microglia isolated from the MIA
group (Fig. 2B). Several identified genes (Ccl3, Cxcl1, Cxcl10, Il1b, and
Lgals3) are known to be upregulated in microglia exposed to LPS and
models subjected to stress33–37. Heatmap analysis revealed that PN3d-

microglia isolated from theMIA group showed different RNA expression
profiles compared to those of the control group (Fig. 2C). Additionally,
GO enrichment analysis revealed that the inflammatory response, innate
immune response, leukocyte migration regulation, and phagocytosis
regulation were included in the top 20 significantly altered pathways
(Fig. 2D). Moreover, qRT-PCR performed to validate the results
demonstrated significantly increased expression levels of Il1b and Lgals3
(p = 0.019 and 0.022, respectively), along with a tendency towards an
increase in Ccl3, Cxcl1, and Cxcl10 levels in the MIA group (Fig. 2E).
Additionally, a significant decrease in Cd11c expression was observed in
the MIA group (Fig. 2E, p = 0.035).

Reduced myelination in the brains of the mice derived from the
MIA model
The expression levels of Mbp, Plp (Fig. 3A), Mog, Mag, and Olig2
(Supplementary Fig. 3) were compared between the control and MIA
groups at PN8d to determine the effect of MIA on myelination.Mbp and
Plp mRNA levels were significantly lower in the MIA group than in the
control group (Fig. 3A, p < 0.001 and p = 0.037, respectively).Mog, Mag,
and Olig2 mRNA levels did not significantly differ between the control
and MIA groups; however, Mog and Mag expressions showed a lower
trend in theMIA group than in the control group (Supplementary Fig. 3).
Immunohistochemistry of the lateral corpus callosum showed that MBP
expression was significantly reduced in the MIA group at PN8d
(Fig. 3B, C, p = 0.013). Moreover, PLP expression tended to be reduced in
the MIA group; however, no significant difference was detected at PN8d
(Fig. 3B, C). These reduced trends of MBP and PLP in the MIA group
were not detected at PN14d (Fig. 3B, C). In addition, Luxol Fast Blue
staining, performed to detect myelination at PN14d, demonstrated a
slightly reduced trend in the corpus callosum in the MIA group, without
a significant difference (Fig. 3D, E).

Delayed myelination in human preterm neonates with HCA
The incidence of delayed myelination was evaluated in human preterm-
born infants using MRI at term-equivalent age. Overall, 122 children born
before 34weeks of gestationwere included (Fig. 4A), and the non-HCAand
HCA groups were compared. Baseline characteristics of the patients in the
MRI myelination analysis are shown in Table 1. Overall, patient char-
acteristics were similar between the groups, except for a significant differ-
ence in SGA prevalence, which was higher in the non-HCA group than in
the HCA group (p = 0.02). Similarly, the z-score of birth weight was sig-
nificantly lower in the non-HCA group (p = 0.048). Neonatal infections
were more frequent in the HCA group (p = 0.003), and the HCA group
exhibited a higher incidence of delayed myelination than the non-HCA
group (Table 1, 25.0% vs. 5.1%, p = 0.03). Logistic regression analysis
revealed that the crude odds ratio for delayedmyelination in theHCAgroup
was 6.2 [95% confidential interval: 1.4–28.0]. A multivariate analysis was
performedwith the birth weight z-score and gestational age as covariates to
exclude bias caused by birth weight. The odds ratio for delayedmyelination
in the HCA group remained significantly elevated (adjusted odds ratio 5.9
[1.2–29.4], Table 2).

Fig. 1 | Comparison of microglial features between the control and MIA groups.
A Protocol of the MIA modeling and cell isolation for flow cytometry analysis. The
image of a flow cytometry equipment is from TogoTV (© 2016 DBCLS TogoTV,
https://togotv.dbcls.jp), and the images of a conical tube and the mouse brain are
from Lab icons (© K Mine, https://lab-icons.com) according to express permission
from creators respectively. B Representative gating protocol used to sort T cells (left
lower panel), neutrophils and monocytes (middle lower panel), and CD11c+ or
CD11c− microglia (right panel). Images are generated from one individual brain
suspension prepared from the PN3d control group. C The percentage of CD11c+

microglia in the total microglia population, and the number of monocytes, neu-
trophils, and T cells in the control andMIA groups at each postnatal period (n = 3 in
each group at PN1d and PN6w; n = 9 at PN3d and PN8d. Maximum 2 offspring per
litter). D Immunofluorescence staining of IBA1 and CD11c in the corpus callosum

(left panel) and hippocampus slices (right panel) in PN3d control (upper panel) and
MIA offspring (lower panel). Scale bar = 200 µm (tiling image), 50 µm (magnified
image). E Cell numbers of IBA1+CD11c+ microglia in the corpus callosum and
cortico-septal boundary in PN3d offspring (control group, n = 6 from two litters;
MIA group, n = 6 from three litters). F Immunofluorescence staining of IBA1,
CD11c, and CLEC7A in the corpus callosum in the control group in PN8d offspring.
Scale bar = 50 µm. G The percentage of CLEC7A+ cells among IBA1+CD11c+ or
IBA1+ CD11c- microglia in the corpus callosum in PN3d and PN8d offspring (n = 6
from 2 to 3 litters in each group). Data are presented as means ± SEMs. MIA
maternal immune activation, CC corpus callosum, CSB cortico-septal boundary,
CTX cerebral cortex, CA1 hippocampus CA1 region, SEM standard error of
measurement.
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In addition, cord blood levels of IL-6 and IL-17A in the HCA group
were significantly higher than those in the non-HCA group (Fig. 4B,
p < 0.001 and p = 0.016, respectively), although the characteristics were
similar between the groups (Supplementary Table 1). Similarly, IL-1β levels
showed an increasing trend in the HCA group (Fig. 4B, p = 0.079). CD11c+

microglia are major source of IGF-1 in the developing brain26; therefore,
IGF-1 concentrationswere assessed to indirectly verifywhether intrauterine
inflammation reduces CD11c+ microglia in humans. IGF-1 levels in cord
serum in the HCA group were significantly lower than those in the non-
HCA group (Fig. 4B, p = 0.0495).

Expression of CD11c in developing brains and patients with ASD
via in silico analyses
We evaluated Cd11c and CD11c expressions during mouse and
human neurodevelopment using public data to link results from
mouse models and clinical studies on human preterm infants. Their
expression peaked (Fig. 5A) on PN4–5 d in mice, was reduced at
PN4w, and slightly increased at PN14w. Peak expression in humans
occurred from birth until 1 year of age (Fig. 5B). Subsequently, the
expression decreased from 2 to 11 years and slightly increased from
13 to 19 years. The overall expression pattern in humans closely
resembled that observed in mice, although differences were observed
in the length of time owing to differences in lifespan.

We investigated a previous snRNA-seq dataset of children with ASD
and controls and identified microglial clusters using annotation genes to
compare CD11c expression in microglia between patients with ASD and
typically developing controls (Fig. 5C–F). A high population ofmicroglia in
the PC regions in one child in the ASD group (n = 13) and two children in
the control group (n = 11) expressed CD11c (≥25%) (Fig. 5G). However, in

the ACC regions, a high population of microglia was deficient in CD11c in
the ASD group (n = 9); nevertheless, its expression was detected in four
children in the control group (n = 9, Fig. 5H).

Discussion
This study demonstrated the poor induction of CD11c+ microglia at PN3d
in an LPS-inducedMIAmodel.Myelination-related protein expressionwas
reduced in theMIA group at PN8d, and those reductions were not detected
at PN14d. Furthermore, human preterm infants with HCA showed
increased levels of pro-inflammatory cytokines IL-17A and IL-6 and
decreased IGF-1 levels at birth. Infants in the HCA group showed an
increased trend in the incidence of delayed myelination at term-equivalent
age in MRI. Moreover, CD11c expression in microglia was transiently
induced in human infants within the first year of life.

A previous study reported that the proportion of CD11c+ microglia
increases at PN3d but decreases at PN7d26, consistent with our control
group results. Similarly, a recent region-specific study demonstrated that
CD11c+ microglia were reduced at PN7d compared to PN4d in most brain
regions, except for the cerebellum38. In silico analysis also showed thatCd11c
expression was transiently induced within PN4–5 d in murine microglia. A
similar induction in microglia was observed in human infants under one
year of age. Thus, transient induction of CD11c+ microglia after birth may
be significant in human neurodevelopment.

A high cell population of CD11c+ microglia was not detected in
microglia of the ACC regions among children with ASD; however, this was
detected in some of the control children. This poor induction of CD11c+

microglia is consistent with a previous report showing reduced CD11c+

microglia in patients with ASD using random sampling from postmortem
brains39. Moreover, CD11c expression was reduced in the postmortem
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Fig. 2 |Microglial transcriptome analysis at PN3d in the control andMIAgroups.
A Protocol of microglia isolation and RNA extraction. B Volcano plots of DEGs in
microglia isolated from the MIA group compared to the control group at PN3d
(n = 3 offspring from 2 to 3 litters in each group). C Heatmap showing the gene
expression levels in themicroglia isolated from the control andMIA groups at PN3d.
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that of the control group. E qRT-PCR showing the relative expression of several
known DEGs associated with microglial function (n = 6 in each group; maximum 2
offspring per litter). Data are presented as means ± SEMs. DEGs differentially
expressed genes, MIA maternal immune activation, PN postnatal, SEM standard
error of measurement, qRT-PCR quantitative reverse transcription-polymerase
chain reaction, GO gene ontology.
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dorsolateral prefrontal cortex of patients with high-inflammatory
schizophrenia40, which shares features with ASD. Thus, poor CD11c
expression in microglia may be related to ASD pathogenesis.

The function of CD11c+ microglia remains controversial, and the
definitions of “good”or “bad”microglia are currently being reassessedowing
to recent insights into the vast repertoire of microglia and their plasticity41.
The CD11c protein was initially increased in disease-associated microglia
(DAM)42; however, its expression did not correlate with the degree of neu-
ronal cell loss in adulthood43. CD11c+ microglia contribute to white matter
repair, oligodendrocyte maturation, and functional recovery after ischemic
stroke44; nevertheless, their function remains not fully understood45.

Axon tract-associated microglia (ATM), which express high levels of
SPP1 and LGALS1, appear during narrowwindows in early development46.
SPP1 and LGALS1 support oligodendrocytes and promote axonal growth,
respectively, and are expressed in CD11c+ microglia26. Furthermore,
CD11c+ microglia produce IGF-1. Thus, CD11c+ microglia are consistent
with ATM. PAM appears in the developing corpus callosum and cerebellar
white matter during a short period in the first postnatal week27. These
microglia express Spp1, Cd11c, and Igf1, which share a transcriptional sig-
nature withDAM. This is likely the cause of the confusion. Considering the

heterogeneity of microglia, CD11c+ microglia have been recognized as a
new type involved in developmental neurogenesis and myelination47, a
notion supported by our findings.

Expressions of myelination-related proteins, including Plp and Mbp,
were significantly reduced in the MIA group at PN8d, following the poor
induction of CD11c+ microglia at PN3d. In addition, a reduced number of
oligodendrocytes, key players in axonal myelination, was observed in pups
from our previous MIA model22. CD11c+ microglia are involved in the
maturation of oligodendrocyte precursors via IGF-1 secretion26. These
findings suggest that induction inhibition of CD11c+ microglia at PN3d
may reduce myelination by inhibiting the maturation of oligodendrocyte
precursors in the MIA group. Developing methods for increasing the
number of CD11c+ microglia in the MIA group is necessary to establish a
causal relationship between the reduction of CD11c+ microglia and
impaired myelination in MIA.

Notably, reduced myelination has been observed in children
with ASD48, and ASD-like behavioral deficits in LPS-induced MIA
models were demonstrated in our previous report22. Reduced mye-
lination or decreased myelination-related proteins play a role in
ASD pathophysiology49–54. Similarly, reduced myelination and
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oligodendrocyte-related gene expression have been observed in
poly(I:C)-induced MIA models, which exhibit an ASD-like
phenotype55, consistent with the results of our LPS-induced MIA
models. Thus, reduced myelination may explain a part of the ASD-
like behavioral impairments detected in the LPS-induced MIA model.

In this study, delayedmyelination at term-equivalent agewas observed
in human preterm infants exposed to HCA, consistent with previous
findings showing that HCA increases the risk of brain injury and delayed
maturation in preterm infants based on MRI data acquired at term-
equivalent age56. Moreover, reduced expression of myelination-related
proteinswas detected in theMIAmodel at PN8d, corresponding to human-
term gestation. A recent study reported that delayed myelination at term-
equivalent age was associated with poor short-term prognosis57. This may
suggest that adequate myelination at the appropriate developmental stage
has important implications for neurodevelopment, although further studies
are required to confirm this. In addition, pro-inflammatory cytokines,
including IL-6 and IL-17A, were significantly increased in the cord serumof
pretermneonates exposed toHCA compared to those withoutHCA, in line
with thefinding thatTh17-type responses are amplified inpretermneonates
exposed to HCA58. Notably, we previously reported that IL-6 and IL-17A
were increased in the pups of this MIA model21,59. These findings suggest
that our MIA model mimics HCA-related brain injury. Thus, poor induc-
tion of CD11c+ microglia detected in our MIA model may occur in HCA-
related brain injury.

RNA-seq analysis revealed significant differences in the overall gene
expression signature of microglia at PN3d in the LPS-induced MIA model
compared to the control group. Among the altered pathways, the inflam-
matory response pathway ranked third. In contrast toCd11c,Lgals3 and Il1b
expressions were increased in the MIA group. Therefore, these microglia,
which highly expressed Lgals3, Il1b, and other proinflammatory cytokines
in response to LPS, may differ from the CD11c+ microglia or ATM popu-
lations, although Lgals3 is an ATMmarker. Previous reports indicated that
LPS elevates Lgals360, Il1b, and Ccl361 expression in microglia but does not
upregulate CD11c expression62, consistent with our findings. We believe
that these microglia expressing Lgals3 and Il1b play a pathological role in
addition to the decreased CD11c+ microglia because IL-1β is known to be
associated with the pathogenesis of neuroinflammation in MIA34.

We observed an interesting phenomenon regarding the number of
neutrophils in the developing brain. An initial increase was observed in
the number of neutrophils in the PN1d brain, which subsequently
decreased to the same level as the control group in PN3d. Neutrophils are
involved in microglial activation during hypoxia-ischemia insults in the
neonatal brain63,64. In the context of the LPS-induced MIA model, the
induction of neutrophils appears to contribute to microglia activation,
further highlighting the complex interplay between different immune cell
populations.

To the best of our knowledge, our study provided the first evidence of
the failure to induce CD11c+ microglia in an LPS-induced MIA model,

Fig. 4 | Comparison in human preterm neonates
between non-HCAandHCA.A Flow chart of study
participants. Among 303 individuals, 78 infants
withoutHCA (non-HCAgroup) and 16 infants with
HCA (HCAgroup)were eligible forMRI evaluation,
and 56 infants (non-HCA group) and 13 infants
(HCA group) were eligible for cord blood analyses.
B Levels of pro-inflammatory cytokines and IGF-1
in cord serum samples. Center line of box plot,
median; box limits, upper and lower quartiles;
whiskers, 1.5x interquartile range; points, outliers.
HCA, histological chorioamnionitis.
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demonstrated using flow cytometry, immunofluorescence imaging, and
mRNA analysis. However, this study had several limitations. First, we could
not directly investigate whether CD11c expression had changed in the
microglia of human neonates born tomothers withHCA, despite observing
an increase in IL-17A and a decrease in IGF-1. Instead, we observed that
CD11c levels in microglia were reduced in ASD brains. Second, the HCA
group had a significantly lower frequency of infants with SGA, which could
introduce bias. However, the association between SGA and delayed mye-
lination remains not fully understood. SGA is recognized as a risk factor for
cognitive impairment65 and may exhibit reduced myelination66. Consider-
ing these findings, a higher incidence of delayed myelination in the HCA
group is likely reliable. Moreover, after adjusting for birth weight, multi-
variate analysis revealed a significantly higher incidence of delayed

myelination in the HCA group. However, our data were insufficient to
compare long-term prognoses. Further studies in larger populations are
necessary to confirm the results of the present study. Third, the present
study couldnot showwhether IGF-1 expressionwould be altered inCD11c+

microglia of the MIA group at PN3d, although a previous study reported
IGF-1 expression in CD11c+ microglia26. Further studies are required to
confirm this. Moreover, preparing adequate numbers of mice to investigate
sex differenceswas difficult owing to the low survival rates of pups after LPS
administration. The study results do not reveal detailed associations with
sex; nevertheless, the results may be considered common to both sexes.
Finally, further investigations of the therapeutic effect of CD11c+ microglia
in the offspring of the MIA model are necessary, even though their effec-
tiveness has been reported in the context of stroke44. Further research is
required to evaluate sex differences and the therapeutic effects of CD11c+

microglia in the specific context of MIA-related neurodevelopmental dis-
orders, such as ASD.

In summary, prenatal inflammation resulted in poor induction of
CD11c+ microglia during the early developmental window, which may be
related to myelination inhibition during the subsequent stage. This process
may underlie the impaired neurodevelopment in preterm infants with
HCA, although further investigations are required.

Methods
Animals and treatments
We have complied with all relevant ethical regulations for animal use. The
animal protocols used in this study were approved by the Animal Experi-
ment Committee of Nagoya University (approval number: M220211-001).
All pregnant Slc:ICR (CD-1)mice (8–9 weeks; Japan SLC, Shizuoka, Japan)
weremaintained under a standard specific pathogen-free environmentwith
a 12 h light/dark cycle (9:00–21:00) and were provided free access to food
and water. The pregnant mice were randomly assigned to the control and
MIA groups, as in our previous reports21,22. Briefly, dams in the MIA
group were intraperitoneally injected with 50 μg LPS (serotype O55:
B5; Sigma-Aldrich, St. Louis, MO, USA) dissolved in 500 μL
phosphate-buffered saline (PBS) on gestational day 17. This dose
corresponded to approximately 0.77 mg/kg LPS. Dams in the control
group received an equal volume of PBS (Fig. 1A). Offspring were
randomly collected from each litter without determining their sex
and were deeply anesthetized by icing (for PN1–3 d) or isoflurane
with the open drop method (for PN8d or more) for subsequent
analyses. For each experiment, 3–9 offspring from 2–6 litters
were used.

Flow cytometry analysis ofmicroglia and immune cells fromMIA
offspring
The procedures were performed as in previous studies33,67. Briefly, PN1d, 3 d,
8 d, and postnatal week 6 (PN6w) offspring were transcardially perfused
with PBS (n= 3–9 from 2 to 6 litters). Their brains were individually dis-
sected, minced into 1mm3 pieces in Neural Tissue Dissociation Kit –
Postnatal Neurons (Miltenyi Biotec, Bergisch-Gladbach, Germany) or col-
lagenase buffer, and incubated at 37 °C for 15min in a gentle MACS Dis-
sociator (Miltenyi Biotec). The cells were re-suspended in 37% Percoll
(Sigma-Aldrich) and centrifuged at 760 × g for 20min to remove myelin
debris. The cells containing microglia and immune cells were incubated with
anti-CD16/CD32 antibodies (Thermo Fisher Scientific, Waltham, MA,

Table 1 | Maternal and neonatal characteristics, and delayed
myelination in term-equivalent age-MRI between the non-
HCA and HCA groups

non-HCA HCA p-value
(n = 78) (n = 16)

Maternal characteristics

Maternal age (years) 35 [26–42] 37 [25–43] 0.18

Primiparous 41 (52.6%) 6 (37.5%) 0.41a

Gestational age at
delivery (weeks)

30.8 [24.0–34.0] 31.1 [24.4–33.7] 0.33

Cesarean section 70 (89.7%) 14 (87.5%) 0.68

Antenatal corticosteroid
treatment

49 (62.8%) 11 (68.8%) 0.78a

Antenatal magnesium
sulfate treatment

26 (33.3%) 5 (31.2%) >0.99

Neonatal characteristics

Male 44 (58.7%) 8 (50.0%) 0.59a

Birth weight (g) 1303 [506–2482] 1358 [624–2294] 0.69

Birth weight (z-score) −0.60
[−4.10–3.10]

−0.20
[−1.50–1.20]

0.048

Small for gestational age 29 (37.2%) 1 (6.2%) 0.02

Respiratory distress
syndrome

40 (51.3%) 7 (43.8%) 0.79a

Duration of
intubation (days)

1 [0–79] 2 [0–67] 0.94

Bronchopulmonary
dysplasia

17 (21.8%) 4 (25.0%) 0.75

Intraventricular
hemorrhage (grade 1 or 2)

2 (2.6%) 2 (12.5%) 0.13

Patent ductus arteriosus
ligation

1 (1.3%) 0 (0.0%) >0.99

Inotrope use 5 (6.7%) 3 (18.8%) 0.14

Postnatal steroid use 5 (6.7%) 1 (6.2%) >0.99

Necrotizing enterocolitis 0 (0.0%) 0 (0.0%) ND

Infection 3 (3.8%) 5 (31.2%) 0.003

Treated retinopathy of
prematurity

7 (9.0%) 2 (12.5%) 0.65

Duration of
hospitalization (days)

66 [29–141] 66 [28–156] 0.91

MRI at term-equivalent age

Delayed myelination 4 (5.1%) 4 (25.0%) 0.03

Continuous variables are presented as mean ± SD or median [minimum–maximum] and p-values
were calculated by Student’s t-test or Mann–Whitney U test for normal or non-normal distribution,
respectively. Categorical variables are presented as numbers (%) and p-values were calculated by
Fisher’s exact test.
HCA histological chorioamnionitis, MRImagnetic resonance imaging, ND not detected.
aχ2 test as appropriate.

Table 2 | Logistic regression analysis for delayed myelination
identified in term-equivalent MRI

Crude Odds ratio
[95% CI]

p-value Adjusted Odds ratioa

[95% CI]
p-value

HCA 6.2 [1.4–28.0] 0.02 5.9 [1.2–29.4] 0.03

MRImagnetic resonance imaging, CI Confidence Interval, HCA histological chorioamnionitis.
aAdjusted for gestational age at delivery (weeks) and birth weight (z-score).
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USA) to block Fc receptors andwere subsequently stainedwith fluorescence-
conjugated monoclonal antibodies for CD11b (Cat# 557657), CD45 (Cat#
552848), CD11c (Cat# 550261), CD3e (Cat# 551163), Ly-6G (Cat# 551461),
and Ly-6C (Cat# 553104), all of which were purchased from BD Biosciences
(Franklin Lakes, NJ, USA). Flow cytometry was performed with FACSVerse

Flow Cytometer (BD Biosciences), and the data were analyzed using FlowJo
Software (BD Biosciences). The cell types were differentiated using surface
markers (Fig. 1B): CD45highCD11b−CD3e+ as T cells, CD45highCD11b+Ly-
6C+Ly-6G− as monocytes, CD45highCD11b+Ly-6C+Ly-6G+ as neutrophils,
and CD45lowCD11b+ as microglia.
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Fig. 5 | In silico analysis of CD11c expression. A Cd11c expression (count per
million) of microglia in the whole mouse brain at each stage of development. Each dot
represents the average expression from each sample, and the solid line shows the
approximate curve by local polynomial regression fitting. These data were generated
using the normalized gene expression dataset fromaprevious single-cell RNA-seq study
[54]. E14.5, PN4–5 d, and PN14w, n = 8; PN4w, n = 4. B CD11c expression (reads per
kilobase of exon model per million mapped reads) in the human brain at each stage of
development. Each dot represents the average expression of each individual integrating
multiple sites, and the solid line shows the approximate curve by local polynomial
regression fitting. These data were generated using the gene expression dataset from

BrainSpan (http://www.brainspan.org/, n = 42).CClustering of snRNA-seq data in the
PC.D Clustering of snRNA-seq data in the ACC. E Annotation according to known
microglial marker genes in the PC. Microglia were identified as cluster 4. FAnnotation
according to known microglial marker genes in the ACC. Microglia were identified as
cluster 8.G CD11c expression of microglia between control and ASD groups in the PC.
H CD11c expression of microglia between control and ASD groups in the ACC.
C–H Analyses of snRNA-seq data from a previous ASD study [55]. ACC, anterior
cingulate cortex;AIF1,Allograft inflammatory factor 1;ASD, autismspectrumdisorder;
CX3CR1, CX3C motif chemokine receptor 1; PC, prefrontal cortex; UMAP, Uniform
Manifold Approximation and Projection.
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Total RNA extraction frommicroglia and the whole brain of MIA
offspring
The PBS-perfused brain tissues of PN3d offspring were dissociated into
single cells using the same abovementioned method for RNA analysis of
microglia. Microglia were isolated from dissociated cells using magnetic-
activated cell sorting (MACS) to minimize cytotoxic effects on RNA
analysis, following previous reports33,43,67. Briefly, myelin debris was
removed using Myelin Removal Beads II (Miltenyi Biotec), and purified
cells were incubated with anti-CD16/CD32 antibodies (Thermo Fisher
Scientific, Waltham, MA, USA) to block Fc receptors, followed by an
incubation with anti-CD11b MicroBeads (Miltenyi Biotec) to isolate
microglia through autoMACS Columns (Miltenyi Biotec). Total RNA
was extracted fromMACS-isolated microglia using an RNeasy Micro Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s
instructions.

PBS-perfused hemispheres from PN8d offspring were dissected and
homogenized in QIAzol (Qiagen) for myelination-related RNA analysis.
Total RNA was extracted using an RNeasy mini kit (Qiagen), according to
the manufacturer’s instructions.

RNA-sequence (seq) analysis of microglia fromMIA offspring
Total RNA of microglia from PN3d offspring in the control and MIA
groups (n = 3 from two litters in each group) were qualified using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA),
and libraries were prepared using TruSeq stranded mRNA Library Prep
(Illumina, San Diego, CA, USA). From these libraries, 150 bp paired-end
reads were sequenced on a HiSeq X Ten system using HiSeq X Reagent
Kits (Illumina) and a NovaSeq 6000 system using NovaSeq Reagent Kits
(Illumina). For RNA-seq data analysis, reference genome assemblies and
gene annotations were retrieved from iGenomes (https://
sugenomeslumina.com/sequencing/sequencing_software/igenome.html)
using the mouse genome version University of California Santa Cruz
(UCSC) mm10. The Illumina adapter sequences and low-quality bases
(quality score < 20) were trimmed from the 3′ ends of the sequencing
reads using Trim Galore v.0.5.0 (https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/). The reads were qualified before and after
trimming using FastQC v.0.11.8 (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Thereafter, processed reads were mapped on the
reference genome assembly using HISAT2 v2.1.068. Annotated gene
expressions from mapping data were quantified using StringTie v1.3.569.
Differential expression analysis was performed using edgeR v3.24.370

implemented in R v3.5.1, and multiple testing correction for the p-values
was performed using the qvalue package v2.24.171 in R. A heatmap of
differentially expressed genes (DEGs: |log2FC | > 1.25 and p < 0.05) was
constructed using the heatmap3 package in RStudio withWard’s method
(RStudio version 2022.07.2+ 576 and R version 4.2.1). We employed
iDEP (integrated Differential Expression and Pathway analysis, version
1.0) software (http://bioinformatics.sdstate.edu/idepg/) for volcano plot
analysis72. Moreover, we utilized Metascape for gene ontology (GO)
enrichment analysis (http://metascape.org).

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)
Complementary DNA (cDNA) was generated using 100 ng of total RNA
through first-strand cDNA synthesis (ReverTra Ace; Toyobo Co., Ltd.,
Osaka, Japan). Gene expression was evaluated using Thermal Cycler Dice
(Takara Bio Inc., Tokyo, Japan) and SYBRII Premix Ex Taq (Takara Bio
Inc.) reagents. The expression levels of Ccl3, Cxcl1, Cxcl10, Il1b, Lgals3, and
Cd11c were examined in MACS-isolated microglia samples of PN3d off-
spring in the control and MIA groups (n = 6 in each group; maximum two
offspring per litter). In addition,Mbp, Plp,Mog,Mag, andOlig2 expression
levels were examined in whole-brain samples of PN8d offspring (n = 5 in
each group;maximum two offspring per litter). The expression level ofActb
served as an endogenous control. The primers used for qRT-PCR are listed
in Supplementary Table 2.

Immunohistochemistry
We evaluated early changes in the myelination-related proteins in PN8d and
PN14d MIA offspring, corresponding to the human-term gestation and 1–2
years postnatal, respectively73. PN8d and PN14d offspring (n= 5–8 in each
group; maximum two offspring per litter) were transcardially perfused with
PBS, followed by 4%paraformaldehyde (PFA). Dissected brains were fixed in
4%PFAovernight at 4 °Candsubsequently cryoprotectedwith30%sucrose at
4 °C. Tissues were embedded in optimal cutting temperature (OCT) com-
pound (Tissue-Tek) and were sectioned using a cryostat (Leica Biosystems,
Nussloch,Germany).Free-floatingcoronal sections (50 µmthickness,Bregma
+0.5mm in Allen Brain Atlas [https://mouse.brain-map.org/static/atlas])
were stored in PBS. Sections were blocked using goat serum for 10min and
were subsequently incubated with the primary antibodies overnight at 4 °C.
The following primary antibodies were used: rabbit monoclonal anti-PLP
(myelin proteolipid protein, 1:200, #ab105784; Abcam plc, Cambridge, UK)
and rabbit polyclonal anti-MBP (myelin basic protein, 1:200, #AB980; Mil-
lipore,Temecula,CA,USA).Next, sectionswere incubatedwith abiotinylated
secondaryantibody (NichireiBioscience Inc.) for10minat roomtemperature
and visualized using diaminobenzidine (DAB; Agilent Technologies). Images
were acquired using the AXIO Examiner (Carl Zeiss AC, Jena, Germany) at
×10 magnification. Images were cropped into rectangles (454 × 272 µm) and
analyzed using color deconvolution and the particle analysis plug-in of the Fiji
platform Version 2.3 (ImageJ distribution, http://fiji.sc/Fiji) to quantify the
DAB staining area at the lateral part of the corpus callosum.

Immunofluorescence staining
PN3d and PN8d offspring (n = 6 from 2 to 3 litters in each group) were
transcardially perfused with PBS, followed by 10–15mL of Zamboni solu-
tion (Wako, Osaka, Japan). Subsequently, the dissected brains were fixed in
Zamboni solution overnight at 4 °C and then cryoprotected with 30%
sucrose at 4 °C. Tissues were embedded in OCT compound (Tissue-Tek)
and were sectioned using a cryostat (Leica Biosystems). Free-floating cor-
onal sections (50 µm) of the corpus callosum (Bregma +0.5 mm in Allen
Brain Atlas) and hippocampus (Bregma −1.6 mm in Allen Brain Atlas)
were stored in PBS. Sections were blocked and permeabilized with 5% goat
serum and 0.3% Triton-X in PBS for 30min at room temperature and
subsequently incubatedwith the primary antibody for 48 h at 4 °C, followed
by incubation with the secondary antibody and DAPI staining for 2 h at
room temperature. Sections were washed, transferred onto glass slides, and
mounted inDakomountingmedium (Agilent). Imageswere acquiredusing
confocal microscopy (Elyra PS.1, Carl Zeiss AC), and the cell number was
quantified using the Fiji platform Version 2.3.

The following primary antibodies were used: rabbit anti-Iba1 (1:500,
#019-19741; Wako); Armenian hamster anti-CD11c (1:10, #550283; BD
Biosciences); and rat anti-CLEC7A (1:50, #mabg-mdect-2; InvivoGen, San
Diego, CA, USA). The following secondary antibodies were used: goat anti-
rabbit Alexa568 (1:500, #A11036; Invitrogen); goat anti-Hamster
DyLight488 (1:500, #405503, BioLegend); and goat anti-rat Alexa647
(1:500, #A21247; Invitrogen).

Luxol fast blue staining
We examined the PN14d section (n = 7–8 offspring from 4 litters in each
group) since myelination is reportedly not detected by Luxol Fast Blue at
PN8d74. Sections on slideswere placed into a staining solution of 0.1%Luxol
Fast Blue (Sigma-Aldrich) for 2 h at 60 °C. Sections were washed in 95%
ethanol and water and immersed in 0.2% lithium carbonate, and staining
was differentiated in 70% ethanol.

Evaluation of myelination in preterm infants exposed to in-utero
inflammation
We examined MRI images of infants diagnosed with or without HCA and
compared the incidence of delayed myelination to assess the impact of in-
utero inflammation on myelination. Delayed myelination has been sug-
gested to be associatedwith developmental delay75 andASD48. Furthermore,
an MRI scoring system at term-equivalent age, which included delayed
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myelination, was inversely correlated with motor, memory, and learning
outcomes at ages two and seven76,77. Furthermore, delayed myelination at
term-equivalent age was independently associated with the General Quo-
tient (GQ), Personal-Social sub-quotient (PS), and Eye-HandCoordination
sub-quotient (EHC) of the Griffiths Mental Development Scales at
6–24 months of age57.

This retrospective cohort study included preterm infants born at
Nagoya University Hospital from January 2010 to December 2018. The
inclusion criteria were preterm infants between 220/7 and 336/7 gestational
weeks admitted to the neonatal intensive care unit. The exclusion criteria
were multiple pregnancies, major congenital and/or chromosomal
abnormalities, severe brain injury, and missing data. Data on maternal and
neonatal characteristics were collected from electronic medical records78,79.
Maternal characteristics included maternal age, parity, gestational age at
delivery, cesarean section, antenatal corticosteroid treatment history, and
magnesium treatment history. Neonatal characteristics included sex, birth
weight, small-for-gestational-age (SGA) status, respiratory distress syn-
drome, duration of intubation, bronchopulmonary dysplasia, intraven-
tricular hemorrhage (grade 1 or 2), patent ductus arteriosus ligation,
inotrope use, postnatal steroid use, necrotizing enterocolitis, infection,
treatment for retinopathy of prematurity, and hospitalization duration.

HCAwasdiagnosedusing theBlanc classification80. Patientswith stage2
(moderate) and 3 (severe) were included in the HCA group, whereas those
with no chorioamnionitis or stage 1 (mild) were included in the non-HCA
group56. MRI was performed in infants when they reached term-equivalent
age (370/7–416/7 weeks after conception) using a 3.0 Tesla scanner system
(MAGNETOM Verio or TrioTim; Siemens, Erlangen, Germany). MRI
assessment of delayed myelination was performed by an experienced
pediatric neurologist (H.K.), who was blinded to any clinical and research
data. The evaluation followed themethodologyoutlined in aprevious study81.

Assessment of inflammatory cytokines and IGF-1 concentration
in umbilical cord serum at birth
Umbilical cord blood samples were collected at delivery, and serum was
separated by centrifugation at 1700 × g for 10min and stored at−80 °C, as
previously reported82. Cord sample concentrations of IL-17A (S-PLEX
Human IL-17AKit;MesoScaleDiagnostics, LLC., Rockville,MD,USA), IL-
6, and IL-1β (V-PLEX Custom Human Cytokine; Meso Scale Diagnostics,
LLC.) weremeasured using aMESOQuickPlex SQ 120 system (Meso Scale
Diagnostics, LLC.). The concentrations of IGF-1 were measured using an
enzyme-linked immunosorbent assay kit (#DG100B; R&D Systems, Min-
neapolis, MN, USA) according to the manufacturer’s instructions.

In silico analysis
The RNA seq-based mRNA profile datasets of microglia isolated from
mice and bulk brain tissues from humans during neurodevelopment
were downloaded from a previous report46 and the ‘BrainSpan: Atlas of
the Developing Human Brain’ (Allen Institute for Brain Science, data
accessed on April 5, 2023, from http://www.brainspan.org/), respectively,
to investigate variations in the expressions of Cd11c and CD11c
throughout the developmental period in mice and humans. Single-
nucleus (sn) RNA-seq data from postmortem brain samples were
downloaded from the National Center for Biotechnology Information
Sequence Read Archive database (accession number PRJNA434002)83

using the parallel-fastq-dump package (ver. 0.6.7) (https://github.com/
rvalieris/parallel-fastq-dump) to investigate CD11c expression in patients
with ASD. This snRNA-seq data was originally generated from the
prefrontal cortex (PC) and anterior cingulate cortex (ACC) of 15 children
with ASD (12 males, three females; mean age, 14.8 years) and 16 typically
developing children serving as controls (12 males, four females; mean
age, 13.4 years). The generated fastq files were aligned and quantified to
the GRCh38 human reference genome using 10x Genomics Cell Ranger
7.1.084. Downstream analysis was performed using the Seurat package
(ver. 4.3.0)85 for R software (ver. 4.2.2). Nuclei expressing <400 genes or
>6000 genes were filtered, and nuclei with mitochondrial gene expression

exceeding 1% were also excluded to ensure the quality of the nuclei used
in the downstream analyses. Consequently, 70,593 nuclei from 24 PC
samples and 47,315 nuclei from 18 ACC samples were retrieved. Next,
the snRNA-seq matrix was normalized using the LogNormalize function
and was scaled and centered using the ScaleData function of the Seurat
package. Batch effect correction was performed using the Harmony
package (ver. 0.1.1)86. Finally, the data were visualized using Uniform
Manifold Approximation and Projection to reduce dimensionality and
enable nuclei visualization in a two-dimensional plot.

Statistics and reproducibility
The variables are presented as means ± standard errors of measurement
(SEMs) and were evaluated using the Student’s t-test for a normal dis-
tribution. The median [minimum–maximum] was calculated for non-
normally distributed variables, and theMann–WhitneyU test was used for
comparison. Categorical variables were reported as numbers (%) and
compared using Fisher’s exact test or χ2 test, as appropriate. All statistical
tests were two-sided, and statistical significance was set at p < 0.05. All
statistical analyses were performed using IBM SPSS Statistics forWindows,
Version 28.0 (IBM Corp., Armonk, NY, USA) or Easy R version 1.54
(Saitama Medical Center, Jichi Medical University, Saitama, Japan), a
modified version of R and R Commander87.

In animal experiments, each analysis utilized independent offspring
from each group (n = 3–9) as separate individuals. The maximum number
of offspring used from a single litter is detailed in the figure legends.

Ethics and inclusion statement
This study was conducted in collaboration with local researchers, who
contributed to the study’s design, implementation, and analysis. All colla-
borators meeting the authorship criteria have been included as co-authors,
with other contributions acknowledged appropriately. Roles and respon-
sibilities were agreed upon in advance, and local relevance was ensured
through active consultation with regional partners.

All ethical regulations relevant to human research participants were
followed,with approval obtained fromthe InstitutionalEthicsCommitteeof
Nagoya University Hospital (approval numbers: 2015-0068 and
2018–0026).Written informed consentwas obtained from the parents of all
neonates. Measures were taken to minimize risks to participants, avoiding
stigmatization or harm, and local studies relevant to the findings have been
appropriately cited.

Glossary
MIA, Maternal Immune Activation. HCA, Histological Chorioamnionitis.
PN3d, PostnatalDay 3. IL-6, Interleukin-6. IL-17A, Interleukin-17A. IGF-1,
Insulin-like Growth Factor 1. ASD, Autism Spectrum Disorder. MRI,
Magnetic Resonance Imaging. PBS, Phosphate-Buffered Saline. LPS,
Lipopolysaccharide. Th17, T-helper 17. T cells, T-lymphocytes. RNA-seq,
RNA sequencing. qRT-PCR, Quantitative Reverse Transcription Poly-
merase Chain Reaction. OCT, Optimal Cutting Temperature. PLP, Myelin
Proteolipid Protein. MBP, Myelin Basic Protein. DAB, Diaminobenzidine.
CLEC7A, C-type Lectin Domain Family 7 Member A. PAM, Proliferative
Region-Associated Microglia. ACC, Anterior Cingulate Cortex. PC, Pre-
frontal Cortex. DAM, Disease-Associated Microglia. ATM, Axon Tract-
Associated Microglia.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The RNA-seq data have been deposited with links to BioProject accession
number PRJDB15535 in theDDBJ BioProject database. All data supporting
the findings of this study are available within the paper and its Supple-
mentary Data. Other data supporting the findings of this study are available
from the corresponding author (TK) upon reasonable request.
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Code availability
This study did not use any custom code ormathematical algorithms central
to its conclusions.
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