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Prenatal disruption of blood–brain barrier formation via
cyclooxygenase activation leads to lifelong brain inflammation
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Alexandre Bonnina,1,2

Edited by Timothy Hla, Harvard Medical School, Boston, MA; received July 20, 2021; accepted February 14, 2022 by Editorial Board Member Nancy Y. Ip

Gestational maternal immune activation (MIA) in mice induces persistent brain micro-
glial activation and a range of neuropathologies in the adult offspring. Although long-
term phenotypes are well documented, how MIA in utero leads to persistent brain
inflammation is not well understood. Here, we found that offspring of mothers treated
with polyriboinosinic–polyribocytidylic acid [poly(I:C)] to induce MIA at gestational
day 13 exhibit blood–brain barrier (BBB) dysfunction throughout life. Live MRI in
utero revealed fetal BBB hyperpermeability 2 d after MIA. Decreased pericyte–
endothelium coupling in cerebral blood vessels and increased microglial activation were
found in fetal and 1- and 6-mo-old offspring brains. The long-lasting disruptions result
from abnormal prenatal BBB formation, driven by increased proliferation of
cyclooxygenase-2 (COX2; Ptgs2)-expressing microglia in fetal brain parenchyma and
perivascular spaces. Targeted deletion of the Ptgs2 gene in fetal myeloid cells or treat-
ment with the inhibitor celecoxib 24 h after immune activation prevented microglial
proliferation and disruption of BBB formation and function, showing that prenatal
COX2 activation is a causal pathway of MIA effects. Thus, gestational MIA disrupts
fetal BBB formation, inducing persistent BBB dysfunction, which promotes microglial
overactivation and behavioral alterations across the offspring life span. Taken together,
the data suggest that gestational MIA disruption of BBB formation could be an etiolog-
ical contributor to neuropsychiatric disorders.

inflammation j blood–brain barrier j pregnancy j fetal programing j cyclooxygenase

It is well established that inflammation during fetal development increases risk for neu-
rological disorders later in life. Despite a lack of clear mechanistic connection linking
prenatal exposure to gestational maternal inflammation, sustained neuroinflammation,
and long-term effects on offspring brain function, this concept of “fetal programming”
is increasingly recognized as central to the onset of neurodevelopmental disorders, such
as schizophrenia (1, 2). Although much less studied, recent data support the idea of
prenatal inflammation also influencing the etiology of age-related neurodegenerative
disorders. For instance, gestational maternal immune activation (MIA) triggered by the
mismatched double-stranded RNA viral mimetic polyriboinosinic–polyribocytidylic
acid [poly(I:C)] in mice was shown to increase levels of hippocampal amyloid precursor
protein, alter Tau phosphorylation, induce microglia activation and reactive gliosis,
and impair working memory in aging offspring, phenotypes indicative of Alzheimer’s
disease (AD)–like neuropathology (3, 4). Generally, activation of microglial cells in the
adult offspring brain leading to a range of altered behaviors is observed across most
MIA models (5–7). Yet, the developmental pathways whereby gestational MIA leads to
sustained activation of brain microglial cells across the offspring life span are not fully
understood.
There is growing evidence that systemic inflammation in adulthood alters cerebro-

vascular function, such as blood–brain barrier (BBB) permeability, leading to the leak-
age of immune mediators and toxic blood products into the brain parenchyma, which
promotes sustained microglial activation and the progressive emergence of neuropathol-
ogies (8–10). A similar chain of events is particularly evident in AD and other demen-
tias, where vascular dysfunctions leading to chronic brain inflammation directly
contribute to the molecular pathology of disease (11–13). Although gestational MIA
leads to microglial activation and sustained brain inflammation in the adult offspring,
its impact on cerebrovascular development in utero and BBB function across the life
span has not been investigated. To address this question, we induced immune activa-
tion by injection of the well-characterized immunostimulant poly(I:C) during preg-
nancy to study the immediate and long-term consequences on fetal and adult offspring
BBB function in vivo. Live MRI studies reveal that gestational MIA induces long-
lasting BBB hyperpermeability and cerebrovascular inflammation, effects consistent
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with observed decreased pericyte coverage of endothelial cells
and increased endothelial expression of vascular cell adhesion
molecule I (VCAM1). Tracking the developmental origins of
these phenotypes, we found evidence of fetal BBB hyperperme-
ability using live MRI in utero and observed cellular disrup-
tions as early as 48 h after gestational immune activation,
suggesting the direct impact of inflammation on BBB develop-
ment. We demonstrate pharmacologically and genetically that
induction of cyclooxygenase-2 (COX2; Ptgs2) expression in
microglia in the fetal brain is required for MIA-induced abnor-
mal BBB development and subsequent long-term BBB leakage,
offspring brain inflammation, and altered behaviors. Thus,
maternal inflammation perturbs BBB formation at a critical
time of fetal development and contributes to sustained brain
inflammation and subsequent functional effects in adulthood.

Results

BBB Leakage in the Adult Offspring with Gestational MIA.
First, to ensure that poly(I:C) injection at gestational day 13
(GD13) induces MIA, we quantified proinflammatory cyto-
kines interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα)
and the chemokine monocyte chemoattractant protein-1
(MCP-1) concentrations in maternal serum 6 h after injection.
The data show significant increase of IL-6 (3,346-fold increase
over saline control), TNFα (35.6-fold), and C–C motif chemo-
kine ligand-2 (also called MCP-1; 236.9-fold) protein concen-
tration in the serum of poly(I:C)-injected mothers compared
with saline controls (SI Appendix, Fig. S1A). At the dose used
(10 mg/kg), poly(I:C) has no significant effect on maternal
weight, time of birth, litter size, fetal sex ratio, and birth weight
compared with saline-treated dams (SI Appendix, Fig. S1 B–F).
To verify that gestational MIA triggered by poly(I:C) injection
at GD13 induces brain parenchymal inflammation in the adult
offspring (5, 7), we quantified the density and assessed the mor-
phology of microglial cells in postnatal day 30 (PD30) brain.
Consistent with previous studies, the number of Iba1+/
TMEM119+ microglial cells significantly increased in the
PD30 MIA offspring cortex (Fig. 1 B–D), thalamus, and stria-
tum (SI Appendix, Fig. S2 A–C). In MIA-exposed brains, these
Iba1-expressing microglial cells display a decreased number of
branches per cell compared with the control group in the cortex
(Fig. 1E), thalamus, and striatum (SI Appendix, Fig. S2D), sug-
gesting an activated phenotype. Other than brain parenchymal
inflammation, altered anxiety- and memory-associated behav-
iors were observed in adult MIA offspring. We found decreased
exploratory behavior in the open field test (OFT) in PD30 and
PD180 MIA offspring (SI Appendix, Fig. S3 C and E), without
change in overall motor activity (SI Appendix, Fig. S3 D
and F), and a significant decrease in exploration preference of
novel objects, a hippocampal activity–dependent behavior, in
PD180 gestational MIA offspring compared with controls (SI
Appendix, Fig. S3G). There were no significant effects of sex on
behaviors in any of the treatment groups at both ages [effect of
sex on OFT: PD30: P = 0.64, F (1, 18) = 0.21, n = 5 to 6 per
sex; PD180: P = 0.26, F (1, 13) = 1.35, n = 4 to 5 per sex;
effect of sex on exploratory preference: P = 0.16, F (1, 12) =
2.14, n = 4 per sex; two-way ANOVA with Tukey’s post
hoc test].
Brain parenchymal inflammation and altered behaviors have

both been linked to BBB breakdown across the life span (10,
12, 14–16); therefore, we first used live imaging to investigate
BBB integrity in gestational MIA offspring at PD30 and
PD180. Strikingly, dynamic contrast-enhanced (DCE) MRI

analyses, which allow for the detection of subtle BBB perme-
ability changes (11, 17), show that the BBB absolute blood to
brain transfer constant (Ktrans) is significantly increased in the
cortex (36.6 ± 7.1%) (Fig. 1 F and G) of PD30 gestational
MIA offspring compared with offspring of saline-treated moth-
ers. Similar MIA-driven increases in Ktrans were observed in the
thalamus and striatum (SI Appendix, Fig. S3A), suggesting that
MIA affects cerebrovasculature globally. BBB hyperpermeability
was also observed in the PD180 cortex (Ktrans increase of
41.9 ± 11.1% over saline controls) (Fig. 1G), thalamus, and
striatum (SI Appendix, Fig. S3B) in the offspring of poly(I:C)-
treated mothers. Consistent with behavioral measures, there
were no significant differences between male and female off-
spring BBB permeability in saline and gestational MIA groups
[effect of sex on Ktrans: P = 0.46, F (1, 20) = 0.56, n = 6 per
sex; two-way ANOVA with Tukey’s post hoc test]. We next
investigated if gestational MIA-induced BBB leakage leads to
cerebrovascular inflammation, as it does in other models of
BBB disruption in adults (18, 19). This was tested using molec-
ular T2(transverse relaxation time)*-weighted (T2*w) MRI
with intravenous injections of microparticles of iron oxide cou-
pled to a monoclonal antibody targeting vascular cell adhesion
molecule I [MPIO-aVCAM1 (20, 21)] in live PD30 offspring.
MPIO-aVCAM1 is an antibody-based detection method to
measure, via binding of the antibody moiety, changes in expres-
sion of VCAM1 on the luminal surface of blood vessels, as pre-
viously demonstrated (21). We measured a 74.1 ± 10.7%
increase of cortical (and 94.6 ± 14.1% in the whole brain)
MPIO-aVCAM1 signal in offspring from poly(I:C)- compared
with saline-treated mothers (Fig. 1 H and I). In the gestational
MIA group, MPIO-aVCAM1 signal intensity (SI) was also sig-
nificantly increased in the thalamus and striatum (Fig. 1I).
MPIO-aVCAM1 signal was localized exclusively to blood ves-
sels (Fig. 1H), demonstrating a dramatic increase in vascular
expression of this endothelial vascular inflammation marker
throughout the brain. Furthermore, consistent with T2*w MRI
data, we observe that the proportion of lectin+ endothelial cells
in cortical vessels that are VCAM1+ is significantly increased
in the PD30 gestational MIA offspring cortex compared with
the saline group (Fig. 1 J and K ). Similar observations were
made in the thalamus and striatum (SI Appendix, Fig. S5).

Disruption of BBB Cellular Structure in the Adult Offspring
with Gestational MIA. Previous studies in adult mice have
clearly shown that pericyte loss leads to brain vascular damage
and BBB leakage (15, 17, 22, 23). Therefore, to understand
the cause of gestational MIA-induced BBB hyperpermeability,
we quantified pericyte–endothelium coupling in PD30 off-
spring brains. To ensure the cellular identity of CD13+ peri-
cytes, we labeled subsets of adjacent sections with an antibody
directed against platelet-derived growth factor receptor-β
(PDGFRβ). Immunostaining signals obtained with both
markers overlap over extended cellular processes, and PDGFRβ
cytoplasmic staining reveals the characteristic “bump-on-a-log”
morphology of pericytes previously described (Fig. 1N) (24).
Histologically, a significant decrease of pericyte coverage of
endothelial cells (lectin+) was observed in the cortex using
both markers (CD13 in Fig. 1 L and M and PDGFRβ in Fig.
1 N and O) of PD30 offspring of poly(I:C)-treated compared
with saline-treated mothers; decreased coverage was also
observed in the thalamus and striatum (SI Appendix, Fig. S4
A–D). The lectin+ vessels included in the quantification in
both saline and MIA groups corresponded to capillaries (25),
with an average diameter of ∼3.5 mm (SI Appendix, Fig. S4E).
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Importantly, the density of lectin+ vessels in the cortex was not
altered by MIA (SI Appendix, Fig. S4F), indicating that the
Ktrans increase reflects increased vessel permeability rather than
change in density. Thus, the gestational MIA-induced decrease of
pericyte–endothelial cells interactions leading to increased BBB per-
meability is already observed in the young adult offspring. These
data overall show that the expected long-term microglial activation
and behavioral deficits induced by gestational MIA are accompa-
nied by chronic BBB hyperpermeability, cellular disruption, and
cerebrovascular inflammation in the adult offspring brain.

Gestational MIA Acutely Alters BBB as Early as GD15. The fact
that cellular and functional BBB disruptions are already observed
in PD30 MIA offspring suggests that BBB development itself
may have been compromised during the prenatal stages. There-
fore, we sought to determine the prenatal onset of gestational
MIA-induced BBB disruption. We investigated BBB formation at
GD15, 48 h after MIA induction in pregnant mice (Fig. 2A).
This is a time around which basic features of the fetal BBB
emerge, such as the restriction of transcellular flow and the emer-
gence of perivascular structures (coverage of the endothelial capil-
lary wall by fetal pericytes) (26). We labeled fetal pericytes with
two different markers to ensure their cellular identity: vascular

smooth muscle cells marker, SMA (smooth muscle actin; Fig.
2B), and PDGFRβ in subsets of adjacent sections (Fig. 2C).
Immunostaining signals for both markers largely overlap over
extended cellular processes (SI Appendix, Fig. S7), and like in the
adult brain (Fig. 1N), PDGFRβ cytoplasmic staining reveals the
characteristic bump-on-a-log morphology of pericytes (Fig. 2C
and SI Appendix, Fig. S7) (24). Strikingly, both markers revealed
a significant decrease of pericytes coverage of fetal blood vessels
endothelial cells (platelet endothelial cell adhesion molecule-1;
PeCAM+) in the fetal cortex (Fig. 2 D and E), thalamus (SI
Appendix, Fig. S6 A and C ), and striatum (SI Appendix, Fig.
S6 B and D). The PeCAM+ vessels included in the quantifica-
tion in both saline and MIA groups corresponded to capillar-
ies, with an average diameter of ∼4 μm (SI Appendix, Fig.
S6E ). Importantly, the density of PeCAM+ vessels in the cor-
tex was not altered by MIA (SI Appendix, Fig. S6F ). Despite
changes in pericyte coverage of endothelial cells, we did not
observe significant changes in tight junction markers Claudin-
5 and ZO1 immunostaining density in GD15 fetal cortex
from MIA vs. control groups (SI Appendix, Fig. S8). An
increased number of P2ry12+/Iba1+ microglial cells was
observed in GD15 fetal brain 48 h after gestational MIA (Fig.
2 F–H), as well as up-regulation of vascular inflammation
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Fig. 1. Gestational MIA induces long-term BBB hyperpermeability in adult offspring. (A) Timed pregnant mice were injected with poly(I:C) (“gestational MIA”)
at GD13; outcomes were studied in PD30 and PD180 offspring. (B) Microglial cells markers Iba1 (red) and TMEM119 (green) and nuclear stain (DAPI, blue) in
the cortex of the PD30 brain. Yellow arrows indicate Iba1+TMEM119+DAPI+ cells. (Scale bar, 50 μm.) (Insets) High-magnification views of Iba1+TMEM119+
microglial cells (white arrows). (Scale bar, 10 μm.) Quantification of Iba1+ cells (C), Iba1+TMEM119+ cells (D), and average branch number per Iba1+ cell (E)
in saline and MIA cortex. (F and G) DCE MRI images and quantification of cortical BBB Ktrans permeability in saline and MIA PD30 and PD180 offspring. (H
and I) Molecular MRI of cerebrovascular inflammation using intravenous injections of MPIOs targeting VCAM1 shown by 3D GRE minimum intensity projec-
tion (mip) and quantification of the percentage of signal voids within the cortex, thalamus, and striatum of saline and MIA PD30 offspring. (J) Vascular inflam-
mation marker VCAM1 (red) colocalization with endothelial cells (lectin+). Arrowheads point to VCAM1+lectin+ cells observed mainly in the MIA group. (Scale
bar, 20 μm.) (Inset) Cortical location imaged. (K) Percentage of VCAM1/lectin colocalization in saline and MIA cortex. n = 4 mice per group. Colocalization of
pericyte marker CD13 (red; L) and PDGFRβ (red; N) with endothelial cells (lectin+; green) in PD30 cortex of saline and MIA offspring (cortical region depicted
in L, Inset). Arrowheads point to CD13/lectin and PDGFRβ/lectin staining overlap. Percentage of CD13/lectin (M) and PDGFRβ/lectin (O) signal overlap in saline
and MIA cortex. (C, E, I, and M) n = 6 mice per group. (G) n = 12 mice per group. (D and O) n = 3 mice per group. Data represent mean ± SEM. (Scale bar, 20 μm.)
**P < 0.01, two-tailed t test; ***P < 0.001, two-tailed t test.
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marker VCAM1 expression in PeCAM+ endothelial cells (Fig.
2 I and J). These increases were observed in all regions of fetal
brain investigated, including thalamus (SI Appendix, Fig. S9 A
and C) and striatum (SI Appendix, Fig. S9 B and D). Such struc-
tural alterations of fetal BBB induced by gestational MIA suggest
compromised permeability, which we tested functionally using live
MRI in GD15 pregnant dams 48 h after poly(I:C) or saline injec-
tion. High-resolution abdominal T1-weighted (T1w) respiratory-
gated sequences (Fig. 2 K and L) were used for quantitative measure
of T1w signal intensities in different fetal compartments before and
after maternal intravenous injection of paramagnetic gadolinium
diethylenetriamine pentaacetic acid (Gd-DTPA) contrast. Remark-
ably, T1w scans demonstrate a significant increase of Gd signal
within the fetal brain at GD15 in animals treated with poly(I:C) at
GD13 (Fig. 2M). This suggests that pericyte–endothelial coupling
deficits induced by gestational MIA lead to an increase in fetal BBB
permeability to Gd-DTPA.
Overall, results show that within 48 h, gestational MIA

induces abnormal fetal BBB maturation via decreased pericyte

coupling to fetal endothelial cells. This disruption of BBB mat-
uration is associated with increased permeability to a small mol-
ecule (Gd-DTPA) and cerebrovascular inflammation.

Celecoxib Prevents Gestational MIA Effects on Fetal and
Adult Offspring BBB Function. We next sought to identify
inflammatory mediators of barrier disruption in the fetus.
Based on their recognized involvement in mediating gestational
MIA effects on offspring brain function (27, 28), we measured
maternal blood serum and fetal brain protein concentrations of
IL-6 and TNFα cytokines and MCP-1 chemokine at different
time points after poly(I:C) injection. As mentioned earlier,
maternal serum concentration of IL-6, TNFα, and MCP-1
increased dramatically 6 h after poly(I:C) injection, but values
returned to control level by 28 and 48 h (Fig. 3A and SI
Appendix, Fig. S1A). Interestingly, we did not detect any
change in IL-6, TNFα, and MCP-1 protein tissue concentra-
tion in the fetal brain at any of those time points (Fig. 3B).
There was, however, a significant increase of the inflammatory
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Fig. 2. Disruption of fetal BBB formation and cerebrovascular inflammation 48 h after MIA induction in utero. (A) Timed pregnant mice were injected with
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indicate the fetal brain postcontrast). (M) T1w SI reflecting Gd-DTPA distribution and thus, BBB integrity in saline and MIA GD15 fetal brains. n = 10 saline-
treated dams, and n = 9 MIA-treated dams (one to three embryos per dam). Data are presented as mean ± SEM. (D, E, G, H, and J) **P < 0.01, ***P < 0.001,
two-tailed t test. (M) **P < 0.01, ****P < 0.001, one-way ANOVA with Tukey’s multiple comparison test.
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mediator prostaglandin E2 (PGE2) in the fetal brain, but not
maternal serum, 28 h post-MIA (Fig. 3C). PGE2 is a product
of arachidonic acid metabolism by COX2 and mPGES1
enzymes, the former being highly inducible by inflammation
(29, 30). Therefore, we hypothesized that COX2 activation in
the fetal brain itself could be a mediator of gestational MIA
effects on BBB maturation. To further test COX2 involvement in
triggering gestational MIA effects in utero, we injected the specific
COX2 inhibitor celecoxib (CX) into pregnant dams 24 h after
MIA induction (Fig. 3D), when maternal inflammation itself has
subsided (serum cytokines have returned to baseline) (Fig. 3A) but
fetal brain PGE2 tissue concentration is still elevated (Fig. 3C).
CX was shown to inhibit COX2 enzymatic activity and specifi-
cally down-regulate COX2 (but not COX1) expression in the
N13 microglial cell line after immune stimulation (26). We mea-
sured the effect of MIA and CX on COX1 and COX2 enzymatic

activities in the fetal brain 28 h after MIA induction; COX1 activ-
ity was unaffected by MIA or CX treatment, whereas COX2
activity was significantly increased by MIA and returned to base-
line within 4 h after CX treatment (Fig. 3E). We then measured
the cellular and functional effects of CX on MIA-mediated disrup-
tions of BBB function at GD15 (Fig. 3 F–H) and in the adult
offspring (Fig. 4). Maternal CX injection prevented gestational
MIA-induced PGE2 concentration increase in the fetal brain
within 4 h after injection (116.6 ± 14.7%, P = 0.816, one-way
ANOVA, compared with saline) and importantly, also prevented
gestational MIA-induced pericyte–endothelium coverage deficit in
the fetal cortex (Fig. 3 F and G), thalamus (SI Appendix, Fig. S10
A and C), and striatum (SI Appendix, Fig. S10 B and D). Mater-
nal CX injection also blocked gestational MIA-induced increase in
VCAM1 expression in fetal vessels in GD15 cortex (SI Appendix,
Fig. S11 A and B), thalamus (SI Appendix, Fig. S11C), and
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Fig. 3. The COX2 pathway is critical for gestational MIA effects on fetal BBB formation and function. Measures of (A) maternal serum and (B) fetal brain pro-
tein concentrations of proinflammatory cytokines IL-6, TNFα, and MCP-1 chemokine 6, 28, and 48 h after GD13 saline (dashed lines) or poly(I:C) injection
(MIA; solid lines). (C) Measure of PGE2 tissue concentration in the whole fetal brain and maternal serum 28 h after maternal poly(I:C) injection. (D) Experi-
mental scheme of COX2 blocking experiments. (E) Measure of total COX, COX1, and COX2 enzymatic activity in fetal brain 28 h after GD13 saline or poly(I:C)
injection. (F and G) Representative images (F) and quantification (G) of endothelial (PeCAM+) and pericyte-like (SMA) colocalization in GD15 fetal cortex
(nuclear marker DAPI, blue); dams received CX or vehicle (dimethylsulfoxide [DMSO]) 24 h after saline or MIA. Cortical region depicted in F, Inset. (Scale bar,
20 μm.) (H) Quantification (T1w SI) of tracer (Gd-DTPA) distribution into the fetal brain at GD15 in saline/MIA + vehicle (DMSO) and saline/MIA + CX groups.
(A–G) n = 3 to 4 dams per group (one fetus per dam). (H) DMSO, n = 3 dams per group; CX, n = 4 dams per group. Data are presented as mean ± SEM. ns,
not significant. *P < 0.05, one-way ANOVA with Tukey’s multiple comparison test (H); **P < 0.01, two-way ANOVA with Bonferroni’s multiple comparison test
(E) and one-way ANOVA with Tukey’s multiple comparison test (G); ***P < 0.001, two-way ANOVA with Bonferroni’s multiple comparison test (A and E) and
two-tailed t test (C).
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striatum (SI Appendix, Fig. S11D). As expected from the cellular
rescue, CX treatment prevented the gestational MIA-mediated
increase of Gd-DTPA distribution into the live fetal brain at
GD15 (Fig. 3H). Taken together, histological, cellular, and func-
tional data demonstrate that COX2 inhibition acutely blocked
gestational MIA-induced disruption of fetal BBB within 24 h.
Consequently, CX treatment also prevented the long-lasting
effects of gestational MIA on postnatal offspring BBB function
and behaviors. Pericyte coverage of endothelial cells was normal in
MIA + CX PD30 offspring cortex (Fig. 4 A and B) and other
brain regions (SI Appendix, Fig. S12). Expression of the vascular
inflammation marker VCAM1 had also returned to normal in the
cortex (Fig. 4 C and D) and other brain regions (SI Appendix, Fig.
S13 A and B) of offspring from CX-treated mothers. Furthermore,
MIA + CX PD30 and PD180 offspring displayed normal
Gd-DTPA distribution into the cerebral cortex and other brain
regions (Fig. 4 E and F and SI Appendix, Fig. S13C). Immunoflu-
orescence intensity of the astrocytic end-feet marker AQP4 mea-
sured in adjacent sections of the PD30 cortex was not different

between groups (SI Appendix, Fig. S13 D and E). Consistent with
the functional data, parenchymal microglia cell number and acti-
vation status were normal in the cortex (Fig. 4 G and H) and
other regions (SI Appendix, Fig. S14) of MIA + CX PD30 off-
spring. Finally, CX treatment prevented the development of MIA-
induced long-term behavioral deficits since both center activity in
the OFT at PD30 (SI Appendix, Fig S15 A and B) and novel
object recognition at PD180 (SI Appendix, Fig. S15C) were not
different between the MIA + CX, saline, and saline + CX groups.
These data suggest that increased COX2 activity in the fetal
brain triggered by gestational MIA perturbs BBB development,
which leads to long-lasting BBB hyperpermeability and brain
inflammation.

Gestational MIA Increases COX2-Expressing Perivascular
Microglia in the Fetal BBB. It is well established that COX2
expression is induced by inflammation in multiple cell types in
the adult brain (29, 31, 32), but little is known about its
expression, induction, and role during fetal development.
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Fig. 4. Prenatal COX2 inhibition prevents MIA-induced BBB dysfunction in offspring. (A) Pericyte marker CD13 (red) overlaps with endothelial cell marker
lectin (green) in the cortex of PD30 offspring born from mice treated prenatally with the COX2 inhibitor CX 24 h after saline or poly(I:C) (MIA) injection (blue,
nuclear marker DAPI). Arrowheads point to areas of lectin/CD13 signal colocalization. Cortical region depicted in A, Inset. (Scale bar, 20 μm.) (B) Quantification
of CD13/lectin signal overlap in the cortex PD30 offspring from mothers treated prenatally with saline, poly(I:C) (MIA), and vehicle (DMSO) or CX. (C) Vascular
inflammation marker VCAM1 (red) and endothelial cell marker lectin (green) staining in the cortex of PD30 offspring born from mice treated prenatally with
the COX2 inhibitor CX 24 h after saline or poly(I:C) (MIA) injection. Blue, nuclear marker DAPI. Cortical region depicted in C, Inset. (Scale bar, 20 μm.) (D) Quan-
tification of VCAM1/lectin signal overlap in the cortex of PD30 offspring from mothers treated prenatally with saline, poly(I:C) (MIA), and vehicle (DMSO) or
CX. (E) DCE MRI BBB Ktrans images in PD30 offspring born from mothers treated with saline + CX and MIA + CX. (F) Quantification of cortical BBB Ktrans per-
meability in PD30 offspring born from mice treated with saline or poly(I:C) (MIA) at GD13 with or without CX at GD14. DMSO, n = 3 mice per group; saline +
CX, n = 4; MIA + CX, n = 6. (G) Iba1+ microglial cells (arrowheads) in the cortex of PD30 saline + CX and MIA + CX offspring (blue, nuclear marker DAPI). Cor-
tical region depicted in G, Inset. (Scale bar, 20 μm.) (H) Iba1+ cells density in saline and MIA PD30 cortex with or without CX at GD14. (B, D, and H) n = 4 mice
per group. Data are presented as mean ± SEM. ns, not significant. **P < 0.01, one-way ANOVA with Tukey’s multiple comparison test; ***P < 0.001, one-
way ANOVA with Tukey’s multiple comparison test.
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Therefore, we next sought to identify in which cells COX2
expression is induced by gestational MIA in the fetal brain. We
found that COX2 is constitutively expressed by a fraction
(46.3 ± 1.2% at GD13 + 48 h) of Iba1+ microglial cells in
the fetal cortex (Fig. 5 A and B). Yet, consistent with increased
COX2 enzymatic activity (Fig. 3E), cortical Iba1+/COX2+
cell number significantly increased 48 h post-MIA compared
with controls (Fig. 5 A and C). At GD15, the majority (77.1 ±
22.6%) of COX2-expressing Iba1+ cells are perivascular in ges-
tational MIA cortex, compared with 30.5 ± 13.9% in controls
(Fig. 5D). The number of perivascular Iba1+/COX2+ cells
returned to baseline 24 h after CX treatment in the MIA group
(Fig. 5D). Furthermore, consistent with increased “activated”
microglia (33, 34), the frequency of Iba1+ cells coexpressing
CD45 or CD68 in GD15 cortex was increased ∼1.7- and

∼2.4-fold, respectively, in the gestational MIA group (CD45+/
Iba1+ frequency: 30.4 ± 10.2% in saline controls to 53.8 ±
17.1% in MIA GD15 cortex; CD68+/Iba1+ number: 57.2 ±
15.9 cells/mm2 in saline controls to 138.9 ± 23.5 cells/mm2 in
MIA GD15 cortex; both effects were reversed by CX treatment
at GD14) (SI Appendix, Fig. S16 A–E). Furthermore, in the
gestational MIA group, Iba1+/CD45+ cells also express
COX2, and only very few cells are Iba1�CD45+COX2� in
the GD15 cortex (SI Appendix, Fig. S16C). The increase in
perivascular localization of Iba1+/COX2+ cells in the MIA
group suggested that it may correspond to an increased number
of perivascular macrophages (PVMs) or of infiltrating periph-
eral blood macrophages. To test the former possibility, we
examined the expression of CD206 on fetal Iba1+ cells. The
data (SI Appendix, Fig. S16 F and G) show 1) that there are

 �
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Fig. 5. COX2 pathway activation by gestational MIA regulates microglial proliferation and localization to perivascular spaces in the fetal cortex. Representa-
tive images (A) of COX2-negative (red arrows) and COX2-positive (white arrows) parenchymal microglial cells (Iba1+) in saline and MIA fetal cortex at GD15.
In the MIA group, most COX2+Iba1+ microglia are attached to vessels (yellow arrowheads). Nuclear marker DAPI, blue. Cortical region depicted in A, Inset.
(Scale bar, 20 μm.) (Insets) High-magnification views of parenchymal and perivascular COX2+ microglial cells surrounded by dashed boxes. (Scale bar, 5 μm.)
(B–D) Quantification of the portion of Iba1+ microglia (B), the fraction of microglia coexpressing Iba1 and COX2 (C), and the vessel-associated COX2+ micro-
glia (D) in GD15 fetal cortex in saline and MIA groups, with (CX) and without (DMSO) CX treatment at GD14. (E) Experimental scheme of the BrdU experiment.
(F, Left) Representative images of Iba1+BrdU+ in saline (+DMSO) and MIA (+DMSO) GD15 cortex. Nuclear marker DAPI, blue. Cortical region depicted in F,
Inset. (Scale bar, 50 μm.) (F, Right) High-magnification views of Iba1+BrdU+ microglial cells (red arrowheads). (Scale bar, 10 μm.) (G) Quantification of
Iba1+BrdU+ microglial cells density in saline (+DMSO), MIA (+DMSO), and MIA + CX at GD15. (H) Experimental scheme for the generation of fetus littermates
with normal expression (COX2-FLOX) and myeloid cell–specific COX2 (Ptgs2) gene deletion (COX2-MKO). Quantification of Iba1+ microglial cells (I), vessel-
associated Iba1+ cells (J), Iba1+Ki67+ microglia (K), and pericyte coverage of endothelial cells (L). (B–D and G) n = 3 dams per group (one fetus per dam). (I–L)
n = 3 dams (two fetuses per dam). Data are presented as mean ± SEM. ns, not significant. (B–D and G) **P < 0.01, one-way ANOVA with Tukey’s multiple
comparison test; ***P < 0.001, one-way ANOVA with Tukey’s multiple comparison test. (I–L) **P < 0.01, two-tailed t test; ***P < 0.001, two-tailed t test.
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very few CD206+ cells in cortical regions investigated, 2) that
MIA does not affect the number of CD206+ PVMs at GD15,
and 3) that perivascular Iba1+ is CD206�. These data suggest
that the increase in perivascular Iba1+/p2ry12+ microglia does
not correspond to PVMs, and therefore, they are likely of
parenchymal origin.
To further test if increased Iba1+ cell number resulted from

increased proliferation rather than increased infiltration of
peripheral macrophages, we injected subgroups of saline, MIA,
and MIA + CX mothers with BrdU at GD13 and GD14 and
measured the number of bromodeoxyuridine (BrdU)+ Iba1+
microglia in the fetal cortex at GD15. The data (Fig. 5 F and G)
show a significant increase of BrdU+ Iba1+ microglia prolifera-
tion in the MIA group, which was prevented by CX injection at
GD14. These observations overall suggest that COX2 activation
in microglia is necessary to induce their proliferation, perivascu-
lar localization, and ultimately, fetal BBB disruption. To test
this possibility, we performed conditional deletion of COX2
(Ptgs2) gene specifically in myeloid cells using Cre recombinase
expressed from the lysozyme M promoter (LysMCre) crossed to
COX2fl/fl mice (the crossing scheme in Fig. 5H). The pregnant
dams used for MIA induction at GD13 carried litters composed
of both littermate fetuses with normal COX2 expression
(termed “FLOX”) and with COX2 gene (termed “MKO”)
deleted in myeloid cells (including microglia). Confirming the
specific deletion of COX2 in microglia, COX2-MKO GD15 lit-
termates showed no detectable COX2 immunoreactivity in
Iba1+ cells in the cortex after MIA, whereas COX2-FLOX lit-
termates displayed the expected pattern of increased number
and perivascular localization of Iba1+COX2+ microglia (SI
Appendix, Fig. S17). The quantitative data show that 48 h after
MIA induction, the number of Iba1+ microglia cells (Fig. 5I) in
the fetal cortex from MKO fetuses is similar to saline controls
but significantly lower compared with COX2-FLOX fetuses.
Similarly, effects of MIA on perivascular localization (Fig. 5J) or
proliferation (Fig. 5K) of Iba1+ cells in the GD15 fetal cortex
are lower in COX2-MKO than COX2-FLOX fetuses. Further-
more, pericyte (PDGFRβ+) coverage of endothelial cells
(PeCAM+) in the fetal cortex from COX2-MKO fetuses
exposed to MIA is similar to saline controls and significantly
higher than MIA-exposed COX2-FLOX fetuses (Fig. 5L).
These observations taken together show that MIA triggers a

COX2-dependent increase in microglial proliferation and peri-
vascular localization in the fetal cortex taking place between
GD14 and GD15. This COX2-dependent activation of fetal
microglia is associated with decreased pericyte coverage of fetal
endothelial cells in the developing BBB.

Discussion

Our findings demonstrate the long-lasting influence of the intra-
uterine environment on brain function via early effects on cere-
brovascular development. We found that gestational maternal
inflammation in pregnancy disrupts fetal BBB formation via a
COX2-dependent mechanism, leading to structural alterations
and functional hyperpermeability of the offspring BBB that persist
into adulthood. The data suggest that gestational MIA-induced
failure of normal BBB formation is mediated by increased micro-
glia proliferation and localization to the perivascular space of the
fetal brain, a mechanism dependent on COX2 activity. The data
support a process by which alteration of normal fetal BBB devel-
opment results in chronic barrier hyperpermeability, leading to
the well-documented adult offspring brain parenchymal inflam-
mation and behavioral deficits induced by gestational MIA.

A striking observation in our study is that a single prenatal
inflammatory insult, albeit severe given the amplitude of mater-
nal proinflammatory cytokines induction (35), is sufficient to
induce long-lasting BBB dysfunction in the offspring. Since we
induced the inflammatory insult early in utero, several days
before the BBB is fully functional (36–38), it is likely that dis-
ruption of normal fetal BBB development led to the adult phe-
notypes. Indeed, we found that as early as 48 h after gestational
MIA induction, there is an increase of Gd-DTPA tracer distri-
bution into the fetal brain, suggesting that the nascent BBB
might already be compromised. This possibility is supported
by histological data showing MIA-induced decreased pericyte–
endothelium coverage and increased microglia cell number in the
fetal brain, phenotypes like those observed later at PD30 and
PD180. We sought to determine which immune signals alter the
normal coupling of pericytes to blood vessels, a key step of BBB
formation taking place around the time of gestational MIA
induction (GD13 to GD15) (37–39). Some studies of gesta-
tional MIA have suggested direct effects of maternal cytokines on
fetal neuronal development (40, 41), even though the possibility
that these maternal blood-borne molecules can reach the fetal
brain in sufficient amounts to drive abnormal development was
not clearly demonstrated. Although we observed an expected
transient surge in maternal blood cyto-/chemokines concentra-
tion within 6 h of poly(I:C) injection, we did not detect any
significant change in IL-6, TNFα, and MCP-1 protein tissue
concentration in the fetal brain 6, 28, or 48 h after gestational
MIA induction. The lack of maternal cytokines diffusion into
the fetal brain observed in our study suggests that these mater-
nally derived molecules, at least IL-6, TNFα, and MCP-1, are
not directly responsible for the rapid fetal BBB disruption.
Instead, we found that the immune mediator PGE2 is signifi-
cantly increased in the fetal brain 28 h after gestational MIA
induction. PGE2 is a product of arachidonic acid metabolism by
COX2 and mPGES1 enzymes, the former being highly inducible
in multiple tissues in response to inflammation (30). PGE2 was
shown to induce increases in peripheral microvessel endothelial
cell permeability (42) and has been linked to alterations in BBB
integrity during inflammation in the adult central nervous system
(43, 44). Although PGE2 is only one of multiple prostaglandins
downstream of prostaglandin H2 (PGH2) generated by COX2
pathway activation, its elevated concentration in the fetal brain
and the elevation of COX2, but not COX1, enzymatic activity
together point to this pathway involvement in MIA response.
However, the inflammation-dependent induction and more gen-
erally, the role of PGE2 and COX2 in the fetal brain are less
known. Several prostanoid receptors (EP1 to EP4) are expressed
prenatally in various tissues (45) and could be mediating PGE2
effects, however their expression in the fetal brain, including
components of the developing BBB, remains to be investigated.
Based on the fetal brain PGE2 tissue concentration increase mea-
sured 28 h after gestational MIA induction, we hypothesized
that COX2 activation in the fetal brain itself could be a critical
mediator of gestational MIA effects on fetal BBB formation and
maturation. Consistent with this possibility, we found that
blocking COX2 activity with CX 24 h after gestational MIA
induction, when maternal serum cytokines have returned to base-
line, prevents both the acute (prenatal) and long-lasting effects of
gestational MIA on BBB structure and function in the offspring.
CX treatment itself might be associated with developmental tox-
icities [e.g., high-dose CX in third trimester pregnant humans
and fetal lambs can induce constriction of ductus arteriosus (46,
47)]; however, there is no evidence of developmental toxicity or
teratogenicity associated with CX treatment in mice.
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These data indicate that COX2 activity in the fetal brain is crit-
ical in the early phase of gestational MIA-induced disruption of
BBB development. The possibility that maternally derived PGE2
contributes to fetal brain effects is unlikely because we did not
detect an increase in maternal serum PGE2 at any time point,
and in vivo studies have shown that PGE2 is rapidly degraded by
the lung and therefore, has a short half-life (∼30 s) (48) in adults.
In the adult brain, COX2 expression in several cell types is

almost exclusively induced by inflammation; in the fetal brain,
however, it is unclear if and where COX2 is expressed, except
for two reports of COX2 induction in perivascular cells in
response to in utero inflammation (49, 50). We observed that,
concomitant to brain PGE2 increase, a fraction of microglial
cells coexpressing Iba1 and COX2 is significantly increased by
gestational MIA. CX treatment, after the surge in maternal
serum cytokines (GD14), fully prevents gestational MIA effects
on cerebrovascular dysfunction. Since CX can cross the pla-
centa (46), it can target COX2-expressing cells, which in the
fetal MIA brain, appear limited to Iba1+ microglia. Specificity
of the effect is also supported by data showing that knocking
out Ptgs2 specifically in myeloid cells (including microglia) sim-
ilarly to CX prevents MIA effects on fetal BBB disruption.
Overall, the findings suggest that COX2 expression and possi-
bly, PGE2 production by microglia in the fetal brain are a nec-
essary early trigger of BBB disruption. There is evidence that
microglial cells express COX2 in response to inflammation in
the adult brain (51). Interestingly, the release of PGE2 was
shown to drive BBB disruption in adults, possibly via matrix
metallopeptidase 9 (MMP-9) production, leading to reduction
in pericyte–endothelium coupling and degradation of cellular
junctions (52, 53). Furthermore, unlike the adult, COX2 pro-
tein is constitutively expressed in several cell types of the
normal fetal brain, in the absence of overt inflammation. It is
possible that molecular pathways associated with degeneration
and remodeling in the adult are constitutively active in the fetal
brain when the BBB is in an active growth phase (36, 37, 39).
In this context, gestational MIA could push the activation of
normal developmental pathways above a destructive threshold.
Nevertheless, the precise role of COX2 expressing microglia in
mediating inflammation effects on fetal BBB formation is
unknown. In normal postnatal development, up to ∼30% of all
resting microglia are perivascular (54). This is comparable with
the fraction of perivascular COX2+/Iba1+ microglia (∼30.5%)
we measured in the cortex from saline-exposed fetuses. The frac-
tion of COX2-expressing microglia perivascular localization in
GD15 brains was significantly increased (∼1.6-fold) by gestational
MIA. The increase in perivascular localization of Iba1+/COX2+
cells in the MIA group suggested that it may correspond to an
increased number of CD206-expressing PVMs or of infiltrating
peripheral blood macrophages. However, the very small number
of CD206+ cells in cortical regions investigated at GD15 was not
affected by MIA, and perivascular Iba1+ was CD206 negative.
These data suggest that the increase in perivascular microglia does
not correspond to PVMs but rather, originated from increased
proliferation of parenchymal microglia migrating toward blood
vessels. Furthermore, consistent with the increased activated
microglia phenotype (33, 34), the frequency of Iba1+ cells coex-
pressing CD45 or CD68 in GD15 cortex was increased in the
gestational MIA GD15 cortex; both effects were reversed by CX
treatment at GD14. The rapid (within 24 h) CX inhibition of
gestational MIA effects on microglia phenotypes and fetal BBB
formation suggests that COX2 expression in microglial cells could
be responsible for their proliferation, activation, and/or localiza-
tion. The conditional deletion of COX2 (Ptgs2) gene specifically

in myeloid cells showed that MIA effects on microglia prolifera-
tion and perivascular localization are dependent on COX2 expres-
sion in these cells. Furthermore, deletion of the COX2 gene from
myeloid cells in the fetus prevented MIA-induced reduction in
pericyte coverage of endothelial cells in the fetal cortex. We did
not observe COX2 expression in endothelial cells in the fetal or
adult brain after MIA. Although we cannot exclude that endothe-
lial cell might express COX2 at other time points after MIA
induction, we clearly observe that microglia are the main cell type
expressing high levels of this enzyme in the brain and that knock-
ing out COX2 specifically in myeloid cells, including microglia, is
sufficient to prevent MIA effects on BBB. Therefore, we propose
that MIA-induced fetal BBB disruption is mainly driven by the
COX2-dependent microglial proliferation, activation, and migra-
tion toward perivascular spaces.

Other than potential implications in the etiology of neurode-
generative and aging-associated disorders, maternal infection
during pregnancy is a known environmental risk factor for neu-
rodevelopmental disorders, including schizophrenia and autism,
in both primate and rodent offspring (55). Additionally, an
emerging etiological aspect common to several neurological and
neurodevelopmental disorders is BBB dysfunction. For instance,
disrupted BBB function was demonstrated or suggested in schizo-
phrenia (56) and autism (57) as well as aging-related disorders,
such as AD (14). Interestingly, although COX2 inhibition did
not provide therapeutic protection from AD burden in aging
patients showing chronic cerebrovascular inflammation (58), it
shows potential in early-phase treatment of depression and schizo-
phrenia (59). Looking at even earlier time points in disease etiol-
ogy, our data suggest an important role of this enzymatic pathway
in the very early, inflammation-induced disruption of BBB forma-
tion via decreased pericyte coverage of endothelial cells leading to
dysfunction across the life span. These findings raise interesting
prospects for understanding the mechanisms driving the long-
term consequences of inflammation in pregnancy on offspring
brain function.

Materials and Methods

Animals. CD-1 timed pregnant mice were purchased from Charles River Labora-
tory. COX2-MKO (LysMCre/+Cox2fl/fl) and COX2-FLOX (Cox2fl/fl) (Fig. 5H) mice
were gifts from Srinivasa Reddy and David Meriwether (UCLA, Los Angeles, CA)
(60). COX2-MKO mice expressing Cre recombinase from the lysozyme M pro-
moter were crossed to COX2-FLOX mice to generate myeloid cell–specific knock-
out COX2 embryos. Conditional COX2-MKO and control COX2-FLOX embryos
were littermates. Mice were group housed (two to five per cage) in specific
pathogen–free conditions in the animal facility, were kept on a 12-h/12-h light–-
dark cycle with lights on at 6 AM, and had ad libitum access to food and water.
Since sex had no significant effect on behavior and MRI measures (in the text),
both male and female offspring mice (pre- and postnatal) were used in all experi-
ments, and the number of males and females in each group was balanced. All
experiments were performed according to the NIH Guide for the Care and Use of
Laboratory Animals (61) and approved by the Institutional Animal Care and Use
Committee at the University of Southern California.

Gestational MIA. On GD13, pregnant CD-1 and COX2-MKO mice were
weighted and intraperitoneally (i.p.) injected once with a single dose of poly(I:C)
(10 mg/kg using 10 μL/g per pregnant dam, P9582; Sigma) or 0.9% sterile
saline vehicle. Subsets of pregnant mice were injected once daily with BrdU (50
mg/kg, i.p.; Sigma-Aldrich; B5002) for 2 consecutive days at GD13 and GD14. A
total of 90 dams were used in prenatal studies. Since poly(I:C) reagent composi-
tion and manufacturing origin influence MIA severity and phenotypes (62, 63),
we performed additional assessments of MIA effects in CD-1 mice. Maternal
weight was recorded from GD13 to GD18 each day after poly(I:C) injection. Birth
date, litter size, sex ratio, and birth weight were obtained after birth. All dams
were returned to their home cages immediately after injection. Dams were
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randomly assigned to the following groups: 1) live MRI 48 h after injection fol-
lowed by 2) either blood, placenta, and fetal brain collection 24 to 48 h after
injection or normal continuation of pregnancy to generate postnatal and adult
offspring (Table 1). Pups were weaned at PD21, at which time they were group
housed (maximum of five per cage) with same-sex littermates. At PD30, pups
taken from different litters for each treatment group were used for live MRI and
behavioral assessment and culled for histological analyses.

Genotyping. DNA was extracted from fresh or frozen tissue by heating at 95 °C
for 2 h in a 26 mM NaOH and 0.2 mM ethylenediaminetetraacetic acid (EDTA)
solution. Sample tubes were flicked every 30 min during the heating process
and cooled on ice for 10 min afterward. An equal volume of 40 mM tris(hydroxy-
methyl)aminomethane (Tris)�HCl solution was added to the samples to neutral-
ize the DNA solutions.

LysMcre PCR was run using Taq Plus 2X Master Mix Red (D124R; Lamda Bio-
tech) and COX2-flox PCR using Kapa 2G HotStart Taq 2X Ready Mix with dye
(KK5609; Roche Sequencing and Life Science, Kapa Biosystems). Additional
MgCl2 was added at a final concentration of 25 mM, and 6.5% (vol/vol) glycerol
was used in the COX2-flox PCR mixture. Specific temperature and cycling condi-
tions are listed in Table 2.

Drugs. CX (PZ0008; Sigma), a COX2 inhibitor, was dissolved in 20% DMSO
with saline and administered i.p. (20 mg/kg) once 24 h after poly(I:C) injection.
Control animals received the vehicle alone.

Blood Cytokines Measure. Separate cohorts were euthanized 6, 28, and 48 h
after poly(I:C) injection to measure cytokines and chemokines in maternal blood
serum and fetal brain. Cytokine and chemokine measurements were assayed
using the Luminex multiplexing cytokine suspension array technology. Measure-
ments of IL-6, TNFα, and MCP-1 were analyzed using a MilliPlex MAP mouse
high-sensitivity cytokine/chemokine magnetic bead panel (MHSTCMAG-70K;
MilliporeSigma). Plates were read on a Bio-Plex 200 System using Bio-Plex Man-
ager software version 6.2 (BioRad). Five parameter logistic regression algorithms
were used to determine analyte concentrations based on provided standards
and averages from samples run in triplicate wells.

PGE2 and COX Activity Measures. Fetal brains were quickly harvested 28 and
48 h after poly(I:C) injection, rinsed in ice-cold phosphate buffer solution (PBS),
and frozen in liquid nitrogen. PGE2 tissue concentration was measured using a

PGE2 enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems; catalog no.
KGE004B). COX activity was measured using a COX Activity Assay Kit (Cayman; cat-
alog no. 760151). Samples were processed according to manufacturer instructions;
briefly, tissue was transferred to an Eppendorf tube with 200 μL of lysate buffer
(protease inhibitor mixture in PBS) and then, homogenized using a plastic tissue
homogenizer. PGE2 concentrations and COX enzymatic activity were normalized to
total protein concentration measured by bicinchoninic acid (BCA) assay and
expressed as percentage of saline. Each sample was assayed in triplicate.

Behavioral Measures.
OFT. PD180 and PD30 offspring were individually placed in an OFT arena (50- ×
50- × 30-cm walls), and their activity was recorded using a video camera (Canon
Vixia HF R500) over 30 min. Distance traveled and the time spent in the central
zone (20 × 20 cm) as well as the total distance and global activity were mea-
sured using a video tracking system (Smart v3.0 software; Harvard Apparatus).
Novel object recognition. For the novel object recognition task, mice were habit-
uated to a black plastic cage (25 cm3) for 10 min for 3 d and exposed 3 times to
the two objects trial. Mice were placed in a corner to minimize spatial memory
confounds. In the training, two identical approximately 5 × 5 cm objects were
placed in the cage, and the mouse was allowed to explore for 5 min, which was
recorded. Two hours later, the mouse was placed back in the same cage, in which
one of the objects used in the training was replaced by a novel object and allowed
to explore for another 5 min. Total duration of time spent to explore familiar or
novel objects was measured. The exploratory preference was calculated as a ratio
of time spent exploring the novel object over the total time exploring both objects.

Immunohistochemistry. Fetal brains were dissected at GD15 and fixed with
4% paraformaldehyde (PFA) in PBS overnight at 4 °C. PD30 mice were deeply
anesthetized and transcardially perfused with 0.01 M PBS (pH 7.0) followed by
4% PFA in PBS, and the brain was postfixed with 4% PFA in PBS overnight at
4 °C. After fixation, the brains went through gradient dehydration in 10, 20, and
30% sucrose solutions for 24 h each, and then, they were embedded in optimal
cutting temperature compound (OCT), cut into 20-μm-thick sections with cryostat
(CM3050S; Leica), mounted onto superfrost plus slides, and stored at �80 °C
until analyses.

Immunohistochemistry was performed as previously described (64–67). Sec-
tions were permeabilized in blocking solution containing 0.1% Triton X-100 and
2% fetal bovine serum in PBS for 2 h at room temperature and incubated in a
humidified chamber with primary antibodies overnight, followed by secondary

Table 1. Number of litters used throughout the study

No. of litters (total)

Prenatal imaging and tissue collection
MRI 33 dams (1 to 3 fetuses per dam)
Immunohistochemistry 33 dams (from the GD15 MRI group; 1 fetus per dam)
Cytokine analyses 18 dams (1 fetus per dam)
PGE2 and COX1/2 activity measures 12 dams (1 fetus per dam)
Transgenic mice 3 dams (1 COX2-MKO and 1 COX2-FLOX fetus littermates per dam)

Postnatal imaging, behavior, and tissue collection
PD30 15 dams (1 male and 1 female per dam)
PD180 6 dams (1 male and 1 female per d am)

Table 2. Primers and PCR conditions for genotyping conditional COX2-MKO mice

PCR and primer Sequence PCR condition

LysMCre/+

LysMcre forward primer 50-CTT GGG CTG CCA GAA TTT CTC-30 94 °C 20 s, 60 °C 20 s, 70 °C 30 s,
repeat 39 cyclesLysMcre reverse primer 1 50-CCT CAC CCC AGC ATC TCT AAT TC-30

LysMcre reverse primer 2 50-ATC ACT CGT TGC ATC GAC CGG TAA-30

Cox2fl/fl

COX2-FLOX forward primer 50-TGC CCT TGT TGT TGT TG-30 94 °C 30 s, 65 °C 1 min, 68 °C 30 s,
repeat 10 cycles (�0.5 °C per cycle),
94 °C 30 s, 60 °C 30 s, 72 °C 2 min,

repeat 28 cycles

COX2-FLOX wild-type reverse primer 50-GTT GGG CAG TCA TCT GCT AC-30

COX2-FLOX mutant reverse primer 50-TGG ACG TAA ACT CCT CTT CAG AC-30
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antibodies incubation for 2 h at room temperature. For SMA staining, an incuba-
tion step in Tyramide Signal Amplification-Cy3 solution (1:100; PerkinElmer;
NEL7441B001KT) for 30 min was performed. Primary antibodies used included
the following: PeCAM (CD31; rat anti-PeCAM, 1:30; BD Biosciences; 550274;
hamster anti-CD31, 1:1,000; Millipore; MAB1398Z), mouse anti-SMA (1:100;
Dako; M0851), rat anti-VCAM1 (1:200; Bio-Rad; MCA2297GA), Iba1 (rabbit
anti-Iba1, 1:500; WAKO; 019-19741; goat anti-Iba1, 1:200; Novus Biological;
NB100-1028), rabbit anti-TMEM119 (1:500; Abcam; Ab209064), goat anti-
PDGFRβ (1:100; R&D Systems; AF-1042), rat anti-P2ry12 (1:100; BioLegend;
848002), Dylight 488–conjugated lectin (1:200; Vector Labs; DL-1174), goat
anti-CD13 (1:100; R&D System; AF2335), COX2 (rabbit anti-COX2, 1:200;
Abcam; Ab15191; rabbit anti-COX2, 1:150; Cayman; 160126), rat anti-CD68
(1:200; Biorad; MCA1957GA), rat anti-CD45 (1:50; BD Biosciences; 550539),
rabbit anti-BrdU (1:200; CST; 5292), mouse anti-Ki67 (1:200; CST; 9449), mouse
Claudin 5-Alexa 488 (1:100; ThermoFisher; 352588), rabbit anti-ZO1 (1:100;
ThermoFisher; 40-2200), rabbit anti-AQP (1:500; Millipore; AB3594), and rat
anti-CD206-Biotin (1:200; Biorad; MAC2235B). Secondary antibodies (1:800;
Jackson ImmunoResearch), raised in donkey, included the following: anti-rat
Alexa 488, anti-rat Rhodamine Red, anti-rabbit Rhodamine Red, anti-rabbit Alexa
488, anti-rabbit Alexa 647, anti-goat Alexa 488, anti-goat Rhodamine Red, anti-
goat Alexa 647, goat anti-hamster Alexa 488, rabbit anti-mouse horseradish
peroxidase (HRP), and DyLight 549 streptavidin (1:500; Vector Labs; SA-5549).
Sections were coverslipped with Prolong Gold (Vector) and imaged using a Zeiss
Axioimager 2 microscope and a confocal microscope (LSM800; Zeiss); for compar-
isons between groups within staining batches, all image acquisition settings
were kept constant.

Image Quantification and Analysis. In each mouse, three regions of interest
(ROIs; e.g., the parietal/somatosensory cortex region of the fetal and PD30 brain,
thalamus, and striatum) were analyzed in four nonadjacent sections (∼100 μm
apart) and averaged per animal. Quantification of pericyte coverage of endothe-
lial cells was done using ImageJ according to the method described in ref. 68.
Briefly, black and white 32-bit images for PDGFRβ/PeCAM, SMA/PeCAM,
PDGFRβ/lectin, and CD13/lectin were thresholded using the Otsu plug-in. The
area ratios of SMA or PDGFRβ and PeCAM (prenatal tissue) and CD13 or PDGFRβ
and lectin (postnatal tissue) were used to calculate pericyte-like cell coverage
endothelial cell. For lectin, PeCAM, Claudin 5, ZO1, and AQP4, images were ana-
lyzed using quantitative density measures as previously described (67). For ves-
sel diameter, we created a maximum intensity projection of a 30-μm optical
stack, and 200-μm lectin- and PeCAM-positive segments were selected randomly
for diameter measurements. For each vessel, we did four measurements 50 μm
apart as described in refs. 23 and 68. For microglia and macrophages assess-
ment, Iba1, Iba1/COX2, Iba1/CD45, Iba1/TMEM119, Iba1/P2ry12, Iba1/CD68,
Iba1/BrdU, and Iba1/Ki67 double-positive cells and Iba1/COX2/CD45 triple-
positive cells in similar ROIs were counted manually using the Leica Microscope
Imaging Software and normalized per squared millimeter. PVMs/perivascular
microglia were quantified by counting the number of CD206+ and Iba1+
COX2+ cells/cytoplasm associated (making contact) with PeCAM+ blood vessels
and expressed as the ratio to the total number of Iba1+COX2+ cells in each ROI.

MRI. All MRI scans were performed using our MR Solutions 7T PET MR system
(bore size of ∼24 cm, up to 600 mT�m�1 maximum gradient strength and a
20-mm–internal diameter quadrature bird cage mouse head coil). Mice were
anesthetized by 1 to 1.2% isoflurane in air. Respiration rate (80.0 ± 10.0
breaths per minute) and body temperature (36.5 ± 0.5 °C) were monitored dur-
ing the experiments, as described previously (17).
Prenatal MRI. For abdominal scans, the scans were collected with respiratory
gating in the following order. 1) Pre- and postgadolinium contrast coronal
T1-weighted imaging (two-dimensional [2D] fast spin echo [FSE], time repetition
[TR]/time echo [TE] 1,150/11 ms, echo train length of four, six averages, 20 sli-
ces, slice thickness of 400 μm, in-plane resolution 140 × 140 μm2) was used to
assess blood–placenta and blood–fetal brain barrier permeability. A bolus dose
(140 μL) of 1.5 mmol�kg�1 Gd-DTPA (gadolinium diethylenetriamine pentaace-
tic acid diluted in saline 1:2) was injected into the tail vein. 2) T2-weighted
imaging (2D FSE, TR/TE 3,010/45 ms, echo train length of seven, 25 slices, slice
thickness of 1 mm, in-plane resolution 140 × 140 μm2) was used to obtain ana-
tomical images. Total imaging time was ∼40 to 50 min per mouse depending
upon respiratory triggering.

Postnatal MRI. For adult brain scans, the scans were collected in the following
order: 1) T2-weighted imaging (2D FSE, TR/TE 4,900/45 ms, echo train length of
seven, three averages, 40 slices, slice thickness of 400 μm, in-plane resolution
70 × 70 μm2) to obtain anatomical images; 2) T2*w (2D gradient echo [GRE],
TR/TE 415/5 ms, six averages, 28 slices, slice thickness of 500 μm, in-plane reso-
lution 60 × 160 μm2) to assess possible microbleeding events; 3) horizontal
time of flight (TR/TE 25/3 ms, FA [flip angle] 45°, two averages, 64 slices, slice
thickness of 230 μm, in-plane resolution 100 × 160 μm2) to obtain angiogra-
phy images; 4) precontrast T1-weighted using a variable flip angle (VFA) fast
low-angle shot (FLASH) sequence (FA = 5°, 10°, 15°, 30°, and 45°, TE 4 ms,
slice thickness of 1 mm, in-plane resolution 80 × 80 μm2) followed by a dynamic
series of 180 T1-weighted images with identical geometry and a temporal resolu-
tion of 5.1 s (FLASH, TR/TE 35/4 ms, FA 15°, two averages, two slices, slice thick-
ness of 1 mm, in-plane resolution 80 × 80 μm2). A bolus dose (140 μL) of 0.5
mmol�kg�1 Gd-DTPA (diluted in saline 1:6) was injected into the tail vein at a
rate of 600 μL�min�1 using a power injector. DCE images were collected before
and for 15 min after the injection. Total imaging time was ∼50 min per mouse.

Molecular MRI was also performed on a subset of mice to assess vascular
inflammation. As previously described (21), microparticles of iron oxide (MPIO;
diameter of 1.08 μm) with p-toluenesulphonyl–reactive surface groups were
covalently conjugated to purified monoclonal rat anti-mouse antibodies for
VCAM1. Mice received intravenous injection of 0.25 mg/kg (equivalent Fe; 100
μL) of conjugated MPIOs for contrast-enhanced T2*w MRI. A three-dimensional
(3D) FLASH sequence was used (TR/TE 200/12 ms, FA 24°, two averages, slice
thickness of 100 μm, in-plane resolution 100 × 100 μm2). Imaging was per-
formed 5 min after particles administration and lasted for 30 min total.

MRI Analysis. To study fetal BBB permeability, we analyzed the difference in
mean SI between the pre- and postcontrast T1-weighted images using specific
ROIs in all studied groups. Fetal brain images were manually segmented on
high-resolution T2-weighted images using ImageJ.

To study BBB permeability in the offspring, T1 relaxation times were first esti-
mated using the VFA method, prior to Gd-DTPA injection, with a series of FLASH
images with varying FA and constant TR and TE using the standard saturation
recovery equation, as we described previously (17, 23). Then, postprocessing of
the collected DCE MRI data was performed using in-house DCE processing soft-
ware (Rocketship) implemented in MATLAB (69). The unidirectional blood-to-
brain transfer constant, Ktrans, to intravenously injected gadolinium-based
contrast agent was determined in primary somatosensory cortex, thalamus, and
striatum in mice using a modified method, as we reported in both humans (11,
70) and mice (17, 23) with the postprocessing Patlak analysis. We determined
the arterial input function (AIF) in each mouse from the common carotid artery,
as we also reported previously (17, 23). The total tracer concentration in the tis-
sue, Ctissue (t), can be described as a function of the arterial vascular concentra-
tion CAIF (t), the intravascular blood volume vp, and the BBB permeability transfer
constant Ktrans that represents the flow of the tracer from the intravascular to the
extravascular space using Eq. 1:

Ctissue tð Þ ¼ Ktrans ∫
t

0
CAIF τð Þdτþ vp:CAIF tð Þ: [1]

For endothelial activation through VCAM1 expression, all T2*w images pre-
sented in this study are the minimum-intensity projection of three consecutive
slices (yielding a Z resolution of 300 μm). Signal void quantification was deter-
mined using automatic Otsu thresholding in ImageJ as previously published
(21). Results are presented as volume of MPIO-induced signal void divided by
the volume of the structure of interest (in percentage). The selected ROIs are
whole brain, primary somatosensory cortex, thalamus, and striatum.

Statistics. Statistical analyses were performed using GraphPad Prism 8.0 soft-
ware. Results from histological experiments were compared using the unpaired
two-tailed t test, one-way ANOVA followed by Tukey’s multiple comparison analy-
sis, or two-way ANOVA followed by Bonferroni’s multiple comparisons analysis,
depending on the number of variables included in the comparison. In behav-
ioral and MRI experiments, results were compared using the unpaired two-tailed t
test (between two groups) and one-way ANOVA followed by Tukey’s multiple com-
parison when comparing more than two groups. Test type and levels of statistical
significance are indicated in the figures. All data are represented as mean ± SEM.
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