N

N

Cytomegalovirus infection of the fetal brain: intake of
aspirin during pregnancy blunts neurodevelopmental
pathogenesis in the offspring
Sarah Tarhini, Carla Crespo-Quiles, Emmanuelle Buhler, Louison Pineau,
Emilie Pallesi-Pocachard, Soléne Villain, Saswati Saha, Lucas Silvagnoli,

Thomas Stamminger, Hervé Luche, et al.

» To cite this version:

Sarah Tarhini, Carla Crespo-Quiles, Emmanuelle Buhler, Louison Pineau, Emilie Pallesi-Pocachard,
et al.. Cytomegalovirus infection of the fetal brain: intake of aspirin during pregnancy blunts neu-
rodevelopmental pathogenesis in the offspring. Journal of Neuroinflammation, 2024, 21 (1), pp.298.
10.1186/s12974-024-03276-4 . hal-04790712

HAL Id: hal-04790712
https://hal.science/hal-04790712v1

Submitted on 19 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04790712v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Tarhini et al. Journal of Neuroinflammation (2024) 21:298 Journal Of Neuroinﬂammation
https://doi.org/10.1186/512974-024-03276-4

L : ®
Cytomegalovirus infection of the fetal i

brain: intake of aspirin during pregnancy
blunts neurodevelopmental pathogenesis
in the offspring

Sarah Tarhini', Carla Crespo-Quiles'®, Emmanuelle Buhler', Louison Pineau'”’, Emilie Pallesi-Pocachard’,
Solene Villain', Saswati Saha®®, Lucas Silvagnoli', Thomas Stamminger?, Hervé Luche*, Carlos Cardoso’,
Jean-Paul Pais de Barros®, Nail Burnashev', Pierre Szepetowski' and Sylvian Bauer'”

Abstract

Background Congenital cytomegalovirus (CMV) infections represent one leading cause of human neurodevelop-
mental disorders. Despite their high prevalence and severity, no satisfactory therapy is available and pathophysiology
remains elusive. The pathogenic involvement of immune processes occurring in infected developing brains has been
increasingly documented. Here, we have used our previously validated rat model of CMV infection of the fetal brain
in utero to test whether the maternal administration of four different drugs with immunomodulatory properties
would have an impact on the detrimental postnatal outcome of CMV infection.

Methods CMV infection of the rat fetal brain was done intracerebroventricularly. Each of the drugs, including acetyl-
salicylic acid (aspirin, ASA), a classical inhibitor of cyclooxygenases Cox-1 and Cox-2, the two key rate-limiting enzymes
of the arachidonic acid-to-prostaglandins (PG) synthesis pathway, was administered to pregnant dams until delivery.
ASA was selected for subsequent analyses based on the improvement in postnatal survival. A combination of gRT-
PCR, mass spectrometry-based targeted lipidomics, immunohistochemistry experiments, monitoring of neurologic
phenotypes and electrophysiological recordings was used to assess the impact of ASA in CMV-infected samples

and pups. The postnatal consequences of CMV infection were also analyzed in rats knocked-out (KO) for Cox-1.

Results Increased PGE2 levels and increased proportions of Cox-1* and Cox-2* microglia were detected in CMV-
infected developing brains. Maternal intake of ASA led to decreased proportion of Cox-1* fetal, but not neonatal,
microglia, while leaving the proportions of Cox-2* microglia unchanged. Maternal intake of ASA also improved

the key postnatal in vivo phenotypes caused by CMV infection and dramatically prevented against the spontaneous
epileptiform activity recorded in neocortical slices from CMV-infected pups. In contrast with maternal intake of ASA,
Cox-1 KO pups displayed no improvement in the in vivo phenotypes after CMV infection. However, as with ASA
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administration, the spontaneous epileptiform activity was dramatically inhibited in neocortical slices from CMV-

infected, Cox-1 KO pups.

Conclusion Overall, our data indicate that, in the context of CMV infection of the fetal brain, maternal intake of ASA
during pregnancy improved CMV-related neurodevelopmental alterations in the offspring, likely via both Cox-1
dependent and Cox-1 independent mechanisms, and provide proof-of-principle for the use of ASA against the detri-

mental outcomes of congenital CMV infections.

Keywords CMV, Herpes virus, Fetal brain, Lipids, Cox-1, Cyclooxygenase

Background

Neurodevelopment may be altered by numerous
genetic defects and by environmental factors. These
latter include congenital infections by pathogens such
as zika virus or cytomegalovirus (CMV). Congenital
CMV infections are one leading cause of human
neurodevelopmental disorders. Indeed, they represent
about 1% of all live births worldwide [1-3]. While
80-85% of CMV-infected neonates are considered
unaffected, the other 15-20% are born with, or
will develop, severe neurologic disorders and other
defects, including increased neonatal lethality, growth
retardation, brain malformations (e.g. polymicrogyria),
hearing loss, vision impairment, cerebral palsy, epileptic
seizures, and intellectual disability. Furthermore, a more
long-term influence of congenital CMV infection on
common brain diseases such as autism disorders or
schizophrenia has been proposed [2, 4]. While congenital
CMV is of crucial public health and medical importance,
no satisfactory preventive or curative therapy is available
and the underlying neuropathogenesis remains poorly
understood.

Analyses of CMV-infected human fetal brains have
revealed CMV infection in different regions of the
brain, notably the periventricular areas, and also the
hippocampus, the cerebellum, the brain stem, the
amygdala, the thalamus, the basal ganglia, the olfactory
bulbs, and the neocortex, with quite equal distribution
in the frontal, temporal, parietal and occipital lobes [5].
The infected brains showed mild to severe inflammatory
lesions that included focal necrosis, microglia nodules
and activated microglia [6—8]. Interestingly, a correlation
between high levels and broad distribution of innate
immune cells in the infected brains, and the severity
of the brain lesions was found [7]. Generally, brain
immune processes have been increasingly recognized as
important actors in brain development and pathology [9].
In the recent years, studies in relevant rodent models of
CMYV infection and, as stated above, analyses of CMV-
infected human brain samples, have yielded convergent
insights into the alteration and the possible participation
of various innate and adaptive immune responses in the
related developmental neuropathogenesis [7, 10-21].

Various immunomodulatory strategies have been used
in different rodent models of CMV infection, including
the adoptive transfer of CMV-specific CD8% T cells
[12], the use of tumor necrosis factor alpha-neutralizing
antibodies [17], or the administration of glucocorticoids
[13]. In a rat model of CMV infection of the developing
brain in utero characterized by early brain immune
alterations [20], the targeting of altered fetal microglia,
either via acute injection of clodronate liposomes in
the fetal brain to transiently deplete microglia, or via
chronic administration to the dam throughout pregnancy
of doxycycline, an antibiotic with immunomodulatory
activity, led to dramatic improvements of the various
postnatal phenotypes that were caused by CMV infection
of the rat fetal brain, i.e. decreased survival and weight
gain, impaired sensorimotor development, hindlimb
hyperextension, and generalized tonic—clonic epileptic
seizures (GTCS) [21].

In the present study, we have tested a novel series of
drugs with immunomodulatory effects and selected
based on their previously reported impacts on microglia.
Vitamin C was shown to prevent against microglia
activation, which in turn could be triggered by inhibiting
the sodium-vitamin C cotransporter 2 [22]. N-acetyl-
L-cysteine (NAC) was chosen as a well-known anti-
inflammatory agent which acted against reactive
microglia in animal models of cerebral palsy [23] and
of necrotizing enterocolitis-associated brain injury
[24]. Acetylsalicylic acid (aspirin, ASA) was selected
as it inactivates cyclooxygenases Cox-1 (also known as
PG-endoperoxide synthase 1, Ptgsl) and Cox-2 (Ptgs2)
[25] that are key, rate-limiting enzymes of the arachidonic
acid-to-prostaglandins (PGs) synthesis pathway (PG
pathway). PGs are lipid molecules that are produced
in physiological conditions and in response to various
stimuli; they participate in critical phases of inflammation
following insults of the immature brain [26]. It was shown
that Cox enzymes and the downstream effector PGE2
receptor influence microglia [27, 28]. Last, prednisolone
was used not only as it is a classical anti-inflammatory
compound with immunosuppressant effects, but also as
glucocorticoids influence microglia function [29] and
have been previously administered to CMV-infected
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newborn mice [13]. The possible beneficial effect of
either of these four drugs administered during pregnancy
was assessed in our previously validated rat model of
CMV infection of the fetal brain in utero [20, 21].

Material and methods

Ethical statement

Animal experimentations were performed in accordance
with the French legislation and in compliance with the
European Communities Council Directives (2010/63/
UE). This study was approved under the French
department of agriculture and the local veterinary
authorities by the Animal Experimentation Ethics
Committee (Comité d’Ethique en Expérimentation
Animale) n°014 under licences n°01010.02, n°7256-
2016100715494790 v3 and n°40278-202212051629511
vé.

CMV infection and pharmacological treatments

Naive timed pregnant Wistar rats were obtained
at Charles River & Janvier Labs, France. Cox-1 KO
(HsdSage:SD-Cox1tm1Sage)  Sprague—Dawley  rats
originally created and validated at SAGE Labs, Inc. (St
Louis, MO, USA) were purchased and cryorecovered at
Envigo (St Louis, MO, USA). Cox-1 heterozygous males
and females were mated in order to generate litters with
a mix of homozygous, heterozygous and wild-type pups.
Cox-1 alleles were detected by PCR using the following

primer  pairs:  Cox1-F2:  5’-gctctctcatgtgtcategct,
Cox-1-R3:  5'-tctcggatgaaggtggcattc, and  Coxl-
cell-F: 5’ -attttgggtcctggctetet, Cox1-cell-R:

5’-cttgctttatgtggcaacca. All animals were raised at
INMED animal facility and kept at room temperature
under conditions of optimal health and hygiene. Rat
cytomegalovirus (rat CMV) recombinant Maastricht
strain (RCMV-A145-147-gfp) with a green fluorescent
protein (GFP) expression cassette, and its production,
purification and titration, were reported and done as
previously [20, 30]. In utero intracerebroventricular
(icv) injections were performed according to previously
reported studies [20, 21] in embryos from timed pregnant
rats (embryonic Day 15, E15) that were anaesthetized
with isoflurane (4% for induction, then 2.5%). Briefly, 1
pL of minimal essential medium (MEM) with FastGreen
(2 mg/mL; Sigma-Aldrich, Saint-Quentin Fallavier,
France), either containing 3.5x10° plaque forming
unit (pfu) of rat CMYV, or not (control), was injected
icv in each embryo via pulled glass capillaries and a
microinjector (PV 820 Pneumatic PicoPump, World
Precision Instruments, Friedberg, Germany). In order
to target the microglia lineage as soon as from its early
generation in the yolk sac [31], drugs were administered
in drinking water to the pregnant dams from E5-E6 until
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delivery, as follows (doses in mg/kg of body weight/day,
according to previously reported protocols): vitamin
C (L-ascorbic acid; Sigma-Aldrich, 115.8+7.9) [32];
N-acetyl-L-cysteine (NAC; Sigma-Aldrich, 885.4+28.8)
[33, 34]; prednisolone (Sigma-Aldrich, 42.5+2.3) [13,
35]; acetylsalicylic acid (aspirin, ASA; Sigma-Aldrich,
66.3+2.5) [36], [37].

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

Total RNAs were extracted from whole CMV-infected
brains at P1 using TRIzol reagent according to
manufacturer’s instructions (Invitrogen, Thermo Fisher
Scientific, Illkirch-Graffenstaden, France). cDNA was
synthesized from 1 pg of total RNA using Quantitect
Reverse Transcription Kit and according to manufacturer
protocol (Qiagen, Courtaboeuf, France). RT-PCRs were
then carried out using SYBR-Green chemistry (Roche
Diagnostics, Meylan, France) and Roche amplification
technology (Light Cycler 480). PCR primers were
designed for Ptgsl (forward: 5’-ttctgccctctgtacccaaa;
reverse: 5’-ggccagaagatgaatatctggta), Ptgs2
(forward: 5’-cacaaatatgatgttcgcattct; reverse:
5’-ccgtaaacatgatttaagtccactc) and for control gene
Rpl-19  (forward: 5’-ccaaggaagcacgaaagc; reverse:
5’-cctccttggacagagtcttga) for relative quantification.
Primer pairs were optimized to ensure specific
amplification of the PCR product and the absence of any
primer dimer. Quantitative PCR standard curves were set
up for all primer pairs. Values of fold change represent
averages from triplicate measurements for each sample.

Targeted lipidomics

Embryonic brains (60—90 mg) or postnatal brains (270—
312 mg) were extracted and immediately put in 1 mL of
methanol/water (80%/20%), then spiked with an internal
standard mix containing 13(S)HODE-d4, 9(S)HODE-d4,
15(S)HETE-d8 and PGE2-d4 (1 ng of each in 10 pL) and
crushed in an Omni Bead Ruptor 24 apparatus (Omni
International, Kennesaw, USA) and circa ten 1.4 mm
OD zirconium oxide beads (S=6.95 m/s, T=30s, C=3;
D=10 s). Lipids were then further extracted by solid
phase extraction as described [38]. Lipids (4 pL) were
injected on a 1290 HPLC system (Agilent Technologies,
Les Ulis, France) equipped with a Zorbax Eclipse SB-C18
(2.1x50 mm, 1.8 pm) column maintained at 40 °C.
Separation was achieved at a flow rate of 350 pL/min
with a linear gradient of water containing 0.1% of acetic
acid (A) and methanol containing 0.1% of acetic acid (B)
as follows: 55% of A to 15% of A in 10 min then decreased
to 2% of A in 8 min and finally maintained at 2% during
2 min. The column was rinsed for 5 min with 55% of
A before the next injection. Liquid chromatography
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coupled to tandem mass spectrometry (LC-MS/MS)
quality grade solvents were purchased from Fischer
Scientific (Illkirch-Graffenstaden, France). All other
chemicals of the highest grade available were purchased
from Sigma-Aldrich.

Acquisition was performed on a 6490 QqQ mass
spectrometer operating in negative Single Reaction
Monitoring (SRM) mode (source temperature 150 °C,
nebulizer 20 L/min, gas flow rate 20 L/min, sheath gas
flow 10 L/min, temperature 400 °C, capillary 2500 V,
cell acceleration voltage 1V, collision energy 18 V, 10 V,
16 V and 12 V for HODEs, HETEs, PGE2 and TxB2
respectively). Transitions used for quantitation are given
in Figure S2.

Lipid standards 13(S)-hydroxy-9Z,11E-octadecadienoic-
9,10,12,13-d4 acid (13(S)-HODE-d4), 9S-hydroxy-10E,
12Z-octadecadienoic-9,10,12,13-d4 acid (9(S)HODE-d4),
15(S)-hydroxy-57,8Z,11Z,13E-eicosatetraenoic-5,6,8,9,11,
12,14,15-d8 acid (15(S)HETE-d8) and prostaglandin
E2-d4 (PGE2-d4) were purchased from Cayman Chemical
(Bertin Pharma, Montigny le Bretonneux, France). 13(S)
HODE-d4 and 9(S)HODE-d4 were used for quantification
of their undeuterated counterpart. 15(S)HETE-d8 was
used for quantitation of HETEs and PGE2-d4 was used
for quantification of TxB2 and PGE2. Each lipid species
was semi quantitated by calculating their response ratio
with regard to the proper internal standards as previously
mentioned.

Immunohistochemistry experiments
Immunohistochemistry experiments were carried out
on coronal brain slices (80-100 pm, vibratome, Leica)
from MEM, CMV and CMV + ASA rat embryos (E17) or
rat pups (P1). Briefly, after 1-h incubation at room tem-
perature (RT) in blocking buffer (PBS pH 7.2, 0.5% Triton
X-100, 2% serum), sections were incubated at 4 °C with
rabbit anti-Ibal antibody (1:500, Wako, Sobioda, Mont-
bonnot-Saint-Martin, France) and either of mouse anti-
Cox-1 (1:400, Cayman Chemical, Interchim, Montlugon,
France) or anti-Cox-2 (1:400, Santa Cruz Biotechnology,
Heidelberg, Germany) antibody diluted in blocking bufter
during 40 h (anti-Cox-1) or 16 h (anti-Cox-2). Slices were
then washed and secondary antibodies (goat anti-mouse
IgG Alexa-Fluor (AF) 568 for Cox-1, goat anti-mouse
IgM AF568 for Cox-2, 1:500; goat anti-rabbit AF633,
1:500, Invitrogen, Thermo Fisher Scientific), diluted in
the blocking buffer with 10% serum, were applied for
1h30min at RT. Slices were washed again, stained with
Hoechst 33,258 (1:1000, Sigma-Aldrich), and mounted
on glass slides using Fluoromount-G Mounting Medium
(Invitrogen, Thermo Fisher Scientific).
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Microscopy, cell counting and image analyses

Images of brain slices were obtained with a confocal
microscope (Zeiss LSM 800) and analyzed according to
previously reported procedure [20]. For cell counting,
images (20482048 pixels) were composed of four
channels corresponding to Hoechst (460 nm, blue),
GFP (488 nm, green), Cox-1 or Cox-2 (568 nm, red),
and Ibal (633 nm, infrared). About 25 stacks of images
per section were staggered every 1.5 um in the z-axis
using the 20X objective. The ipsi and contralateral sides
of each section were observed in the periventricular
areas (lateral ventricles). Fiji software [39] was used to
manually count in each brain the number of Ibal*, Cox-
1* and of Ibal™, Cox-2* cells, as well as the total number
of Ibal* cells. The area of tissue was also measured and
was used to compute the densities of total Ibal™ cells
per section analyzed. A ratio (percentage) of colocalized
cells amongst the total Ibal* cells was also calculated for
each analyzed brain section. Coronal brain sections were
selected according to their coordinates as indicated in
rat embryonic [40] and neonatal [41] brain atlases. For
quantification of the GFP-fluorescent area, images were
acquired using a fluorescent stereo microscope (Olympus
S§ZX16) equipped with a digital camera DP73 and were
analyzed using Fiji software.

Phenotyping of pups

All phenotypes were evaluated on a daily basis as from
P1 during the two first postnatal weeks, as previously
reported [21], except the acquisition of the developmental
cliff aversion reflex, which was monitored as from P4.
Hindlimb hyperextension was detected visually in pups
that had a postural misplacement and immobility of their
hindlimbs. Generalized tonic—clonic epileptic seizures
(GTCS) were detected visually, usually after animal
handling, especially during cage changing and behavioral
testing.

Extracellular electrophysiological recordings

For slices preparation, brains were rapidly removed from
rat pups euthanized after isoflurane (3—4%) anesthesia
and placed in an ice-cold slicing solution containing (in
mM): 126 choline chloride, 2.5KCl, 1.25 NaH,PO,, 7
MgCl,, 0.5 CaCl,, 26 NaHCO,, 10 D-glucose, bubbled
with 95% O,/5% CO,. 300 um-thick coronal neocortical
slices (Vibratom Leica VT1000S, Leica Microsystems
Inc., USA) were left to recover in artificial cerebrospinal
fluid solution (ACSF) containing (in mM): 125 NacCl,
3.5 KCJ, 1 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCO,
and 10 glucose, equilibrated at pH 7.3 with 95% O,
and 5% CO, at 33 °C for about 30 min, then at room
temperature (22-25 °C) for about an hour. The final
osmolarity of the ACSF solution was 3005 mOsm.
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Slices were then transferred to the recording chamber
and perfused with oxygenated ACSF recording solution
at 3 mL min~! at 35 °C under a Leica DMLFS microscope
(Leica Microsystems Inc., USA). Electrophysiological
extracellular recordings of spontaneous local field
potentials were obtained from layer IV of the neocortex
using a coated nichrome electrode (California Fine Wire,
Grover Beach, CA, USA) with a low-noise multichannel
DAM-80A amplifier (WPI, UK; high-pass filter 3 Hz;
low-pass filter 1 kHz; gainx1000). Data was digitized
using a Digidata 1322A and recorded using Axoscope
(Molecular Devices, CA, USA). Recordings were filtered
with a low pass 500 Hz filter for analysis using Clampfit
software (Molecular Devices, USA). Spikes’ frequency
was estimated using the threshold event detection with
threshold set as twice the background noise.

Use of published RNA sequencing (RNAseq) dataset

Single cell RNAseq data from the developing (E10 to
P4) mouse cerebral cortex [42] was obtained from the
Broad Institute website (https://singlecell.broadinstitute.
org/single_cell/study/SCP1290) and cell type annotation
and Uniform manifold approximation and projection
(UMAP) coordinates were retrieved and used to generate
UMATP plots.

Statistics

Data were expressed as meansts.e.m. (standard error
of the mean). Non-parametric Mann Whitney test (two-
tailed) (data sets=2) and non-parametric Kruskall-Wallis
test followed by Dunn’s post-hoc test for multiple com-
parisons (data sets>2) were used wherever appropri-
ate. Fisher’s exact test, with pairwise comparisons and
Benjamini—Hochberg correction if needed, was used to
assess the overall risks to hindlimb hyperextension and
to GTCS, to compare the number of pups exhibiting
ictal-like events in extracellular slice recordings, and to
verify the lack of sex ratio differences between cohorts
(Table S10). The statistical analyses and representation
were performed using R version 4.3.1 (R Core Team: The
R Project for Statistical Computing, R Foundation for
Statistical Computing, Vienna, Austria; https://www.r-
project.org/), Rstudio version 2023.06.2 + 561 'Mountain
Hydrangea' release (RStudio: Integrated Development
Environment for R. Posit Software, PBC, Boston, MA,
USA; http://www.posit.co/) and GraphPad Prism ver-
sion 10.1.1 (GraphPad Software, San Diego, California,
USA). Survival analysis was performed using the Kaplan—
Meier method, with the survival curves among treatment
groups compared using the Log-Rank test. The “survival”
and “survminer” packages in R were utilized for survival
analysis [43]. The “Ismeans” package was employed for
deriving least-squares means and contrasts [44], while
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the “Ime4” package was used for the fitting of mixed
models [45]. Scripted R codes used for the analyses are
available upon reasonable request. Significance thresh-
olds were set at p <0.05.

Results

Maternal intake of acetylsalicylic acid (aspirin, ASA)

during pregnancy reduces the rate of postnatal lethality
caused by cytomegalovirus (CMV) infection of the fetal
brain

Rat CMV with a green fluorescent protein (GEFP)
expression cassette [30] was injected in the cerebral
ventricles of the embryos from timed pregnant rats
at embryonic day 15 (E15), as previously done [20,
21]. Each of the four drugs with immunomodulatory
properties was administered to the pregnant dams as
from E5-E6 and the treatment was discontinued upon
delivery (P0). Our previous studies had indicated a
strong statistical correlation between postnatal survival
rates on the one hand, and the occurrence of neurologic
manifestations on the other hand [21]. Hence, as a first
step to rapidly select the most promising drug(s), the
impact on postnatal survival was evaluated in first series
of treated and untreated CMV-infected pups. In line with
previously reported cohorts [21], CMV infection of the
fetal brain significantly impacted on postnatal survival
(p<0.0001), compared to the non-infected, control group
with icv injection of the vehicle (MEM) only (Figure
S1A) (Table S1). Amongst the four drugs, only ASA
intake during pregnancy led to significant improvement
of survival in treated vs untreated CMV-infected pups
(p=0.0203). Hence, this drug was used in the next
experiments.

Altered lipid metabolism and activation of the arachidonic
acid-to-prostaglandins synthesis pathway in CMV-infected
developing brains

ASA administration during pregnancy improved post-
natal survival. In addition, the fluorescent GFP areas
corresponding to CMV-infected regions decreased sig-
nificantly in size in ASA-treated, CMV-infected post-
natal brain slices as compared with their untreated
counterparts (p=0.0155), suggesting reduced CMV
loads in the postnatal brains (Figure S1B) (Table S2).
ASA targets Cox-1 and, to a lesser extent, Cox-2 [46,
47]. These enzymes control the production of PGs from
arachidonic acid in most cell types. One of the most
studied and abundant PG is PGE2, which has been
involved in the modulation of viral infections [48].
Owing to the beneficial impact of the cyclooxygenases-
targeting drug ASA on postnatal survival in our model,
we decided to monitor the production of oxygenated
fatty acids including PGs in the CMV-infected brains
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using targeted lipidomics. To this aim, oxygenated fatty
acids were extracted from CMV-infected and non-
infected whole brains at E17 and at P1 and subjected to
quantitative analysis by mass spectrometry (Fig. 1) (Fig-
ures S2, S3, Table S3). While not yet detectable at E17,
PGE2 and its downstream product thromboxane B2
(TxB2) showed significant increases in CMV-infected
brains at P1 (PGE2: 1.179+0.128 ng/g of brain tissue;
TxB2: 0.885+0.106 ng/g of brain tissue), as compared
with uninfected controls (PGE2: 0.551+0.061 ng/g of
brain tissue; TxB2: 0.473 +0.088 ng/g of brain tissue)
(PGE2: p=0.0073; TxB2: p=0.0170). Maternal intake
of ASA decreased, albeit not significantly, the PGE2
and TxB2 levels in CMV-infected brains at P1 (PGE2:
0.853+0.176 ng/g of brain tissue; TxB2: 0.59+0.111
ng/g of brain tissue), that is 24h after the treatment
had been discontinued (Fig. 1) (Table S3). Besides,
at E17 the levels of the hydroxyoctadecadienoic acid
(HODE) derivatives of linoleic acid, 9(S) HODE and
13(S) HODE, were significantly decreased (p=0.0123
and p=0.0178, respectively) in the infected brains
(9(S) HODE: 1.89+0.665 ng/g of brain tissue; 13(S)
HODE: 1.366 £0.39 ng/g of brain tissue) compared to
non-infected brains (9(S) HODE: 3.128 £ 0.266 ng/g of
brain tissue; 13(S) HODE: 1.616+0.22 ng/g of brain
tissue). When the ratio of 13- to 9-HODE taken as a
readout of immune response to viral infection [49] was
calculated, the trend (p=0.0662) for increased ratio
seen in the CMV-infected brains at E17 was signifi-
cantly reverted by ASA (p<0.0001). Notably, at P1 the
ratio was not modified in the CMV condition, and was
even increased in the CMV + ASA group (p=0.0434).
None of the lipoxygenase-dependent metabolites of
arachidonic acid, namely 5(S), 8(S), 11(S), 12(S) and
15(S) hydroxyeicosatetraenoic acids (HETE) was dys-
regulated at E17. At P1, apart from the aforemen-
tioned increases in PGE2 and in TxB2, 20(S) HETE,
a cytochrome P450 (CYP450)-dependent metabolite
of arachidonic acid, was significantly downregulated
(p=0.0075) in the CMV-infected brains.

(See figure on next page.)
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In CMV-infected fetal brains, the increased proportion

of microglial cells expressing cyclooxygenase-1 is reverted
upon in utero administration of ASA

The efficacy of ASA in our model and the increased pro-
duction of PGE2 and TxB2 in the CMV-infected devel-
oping brains then led us to analyze the expression status
of Cox-1 and Cox-2. qRT-PCR experiments detected a
significant increase in the expression of Ptgsl (Cox-1
gene), but not Ptgs2 (Cox-2 gene), in RNAs extracted
from CMV-infected neonatal brains at P1, as compared
with control (MEM-injected) brains (n=10 each) (PtgsI:
p=0.0175; Ptgs2: p=0.1051) (Figure S4) (Table S4).
Besides, analysis of single cell RNAseq data from the
developing (E10 to P4) mouse cerebral cortex [42] at the
Broad Institute website revealed prominent expression
of Cox-1 and, to a lesser extent, of Cox-2, in microglial
cells during brain development (Figure S5). Furthermore,
ASA was previously shown to decrease the microglial
overexpression of the Cox-1 protein in inflammatory
conditions [50]. We thus decided to more selectively
monitor the microglial expression of Cox-1 and Cox-2
in our model. Immunohistochemistry experiments
revealed a significant increase in the density of microglial
cells (Ibal*) in CMV-infected fetal brains compared to
non-infected fetal brains at E17 in the two independent
series of Cox1- and Cox2-related experiments (p=0.0465
and p=0.0184, respectively) (Fig. 2) (Table S5). Impor-
tantly, CMV-infected fetal brains at E17 displayed sig-
nificantly increased proportions of microglial cells
expressing either of Cox-1 (Cox-1*: 8.134%+0.714) or
Cox-2 (Cox-2*: 8.769% + 1.388), compared to the non-
infected condition (Cox-1*: 2.628%+0.597) (Cox-27:
2.049% +0.67) (Cox-1: p<0.0001; Cox-2: p=0.0038).
While having no effect on the increased density of micro-
glial cells, maternal intake of ASA reverted the increased
proportion of Cox-1* microglia (p=0.0494) at E17
(Cox-1*: 4.759% +0.654), as compared with untreated,
CMV-infected brains. In contrast, ASA had no signifi-
cant effect on the increased proportion of Cox-2* micro-
glia seen at E17 (Cox-2": 10.22% + 1.87) in CMV-infected
brains (Fig. 2) (Table S5). The effect of ASA on Cox-1*
microglia was transient only: at P1, that is 24 h after drug
discontinuation, significant and comparable increases

Fig. 1 Dysregulated fatty acid oxidation pathways and overactivation of the arachidonic acid-to-PG pathway in CMV-infected brains. A Oxygenated
fatty acids derived from linoleic acid (HODE) and arachidonic acid (HETE, PgE2 and TxB2) analyzed by mass spectrometry in the present study. B, C
Brain content of the different oxygenated fatty acids of interest (derived from linoleic or arachidonic acid). Only data for lipids showing significant
dysregulation in CMV-infected brains at E17 (B) and at P1 (C) are shown (see Figure S3 for all other lipids); a statistical trend obtained with the ratio
of 13-to 9-HODE at E17 is also indicated. MEM: non-infected brains (E17: n=8, 1 litter; P1, n=9, 3 litters); CMV: untreated, CMV-infected brains (E17:
n=12,1 litter; P1: n=8, 2 litters); CMV + ASA: ASA-treated, CMV-infected brains (E17: n=11, 1 litter; P1: n=8, 2 litters). ****: p <0.0001; **: p< 0.01; *:

p <0.05; ns: not significant. Kruskal-Wallis test with Dunn’s post-hoc correction
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p=0.0001, respectively, compared with non-infected

both the untreated (22.29% + 3.026) and the ASA-treated  brains: 6.085%+1.1) (Fig. 3) (Table S5). Similarly, the

(24.37% +2.68) CMV-infected brains (p=0.0009 and

increased proportion of Cox-2* microglia detected at P1
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in CMV-infected brains (12.35% +1.594) as compared
with the non-infected brains (5.174% +0.65) (p=0.007)
was not significantly modified (p=0.768) by ASA intake
during pregnancy (9.114%+0.95) (Fig. 3) (Table S5),
as also observed at E17 (Fig. 2) (Table S5). In summary,
CMYV infection of the fetal brain led to increased pro-
portions of Cox-1* and Cox-2* microglia at E17 and at
P1. ASA treatment transiently reduced the proportion of
Cox-1* microglia at E17 but no longer at P1, after ASA
had been discontinued, while having no significant effect
on the increased proportion of Cox-2* microglia at either
developmental stage.

ASA administered during pregnancy, but not the Cox-1
knock-out, improves the postnatal phenotypes caused

by cytomegalovirus (CMV) infection of the fetal brain

ASA reverted the increase of Cox-1 expression in fetal
microglia from CMV-infected brains. It also improved
postnatal survival. More comprehensive evaluations
of neurologic postnatal phenotypes were performed in
larger cohorts on a daily basis during the first postnatal
weeks. Two different strategies aimed at targeting
the PG pathway and Cox-1 particularly were used:
pharmacological targeting with ASA intake during
pregnancy as done above, and genetic knock-out of Ptgs1
for more selective targeting of Cox-1.

The efficacy of ASA administered to the pregnant dam
was assessed in CMV-infected pups compared with their
CMV-infected counterparts born from untreated dams
(Fig. 4) (Table S6). In addition to ASA, NAC administra-
tion was also evaluated here as postnatal survival seemed
to be slightly improved, albeit not significantly, in the two
first NAC-treated cohorts that had been analyzed for-
merly, and as the respective impacts of NAC and ASA
on survival were not significantly different from each
other in the former cohorts (Figure S1A) (Table S1). As
a matter of fact, the aforementioned beneficial impact
of ASA on the postnatal survival rates was confirmed
with the additional CMV-infected cohorts analyzed here

(See figure on next page.)
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(ASA-treated vs untreated: p=0.009) (Fig. 4A); moreo-
ver, NAC also led to significant improvement of survival
(NAC-treated vs untreated: p=0.041). ASA and NAC
also led to: (i) increased body weight gain (ASA-treated
vs untreated: p<0.0001; NAC-treated vs untreated:
p<0.0001) (Fig. 4B); (ii) improved sensorimotor develop-
ment, as assessed by the successes to the righting reflex
test (ASA-treated vs untreated: p <0.0001; NAC-treated
vs untreated: p<0.001) (Fig. 4C) and to the cliff aver-
sion reflex test (ASA-treated vs untreated: p<0.0001;
NAC-treated vs untreated: p<0.001) (Fig. 4D); and
(iii) decreased occurrence of hindlimb hyperextension
(ASA-treated vs untreated: p<0.0001; NAC-treated vs
untreated: p<0.001) (Fig. 4E). When only the pups who
succeeded to the sensorimotor tests were compared,
times required to perform successfully were significantly
improved after ASA treatment (righting reflex: p <0.0001;
cliff aversion reflex: p=0.0294) while they did not change
after NAC treatment (righting reflex: p=0.197; cliff aver-
sion reflex: p=0.935) (Figure S6). Furthermore, ASA, but
not NAC, led to a 24 to 48 h delay in the overall occur-
rence of GTCS triggered by handling (ASA-treated vs
untreated: p=0.0311; mixed model for repeated meas-
ures) (Fig. 4F); however, while GTCS were seen in 10 out
of the 41 CMV-infected pups and never in any of the 30
MEM pups (p=0.00564; Fisher’s exact test, two-tailed),
ASA did not impact on the overall risk to GTCS (ASA-
treated vs untreated: p=0.37; Fisher’s exact test, two-
tailed) (Figure S6).

Upon administration to the pregnant dam, ASA per-
formed better than NAC in improving the postnatal phe-
notypes caused by CMV infection of the fetal brain in
utero, as had been previously suggested by their respec-
tive effects on postnatal survival in the first cohorts
analyzed (Figure S1A). ASA exhibits a higher inhibitory
potency against Cox-1 than against Cox-2 [46, 47], and
reverted the increased Cox-1 microglial expression in the
CMV-infected fetal brains. Altogether, these data raised
the possibility that Cox-1 participates in CMV-related

Fig. 2 Maternal intake of aspirin reverts the increased microglial expression of Cox-1 in CMV-infected fetal brains. Cox-1 and Cox-2 microglial
expressions were quantified in brains from non-infected (MEM) cohort and in brains from untreated (CMV) and ASA-treated (CMV + ASA)

infected cohorts, all from two litters each, using immunohistochemistry. A Cells were quantified in a region of interest (ROI; red square) located

in the dorsolateral corner of the lateral ventricle, in brain sections selected at the same anatomical level (plate 30-57; see http://larrywswanson.
com/?page_id=936) [40]. B Representative confocal images (coronal sections) of embryonic brains at E17 after immunohistochemical stainings

for Iba1* cells (microglia; magenta) and for Cox-1* (cyan, left panels) and Cox-2" (cyan, right panels) cells in the three experimental conditions. Scale
bars apply to all corresponding images and insets (dashed squares). Left and right insets are labeled with one and two stars, respectively. White
arrowheads point to co-labeled Iba1*, Cox-1* or Iba1*, Cox-2* cells. Orange arrows point to Iba1*, Cox1~ or Iba1*, Cox2™ cells. (C) (top) Densities

of microglia (Iba1* cells) were calculated as the total number of Iba1 +cells per um? of brain section. (bottom) The proportions of microglia (Iba1*)
expressing either of Cox-1 or Cox-2 were quantified by calculating the ratio of Iba1*, Cox-1%, or Iba1*, Cox-2* cells to the total number of Iba1* cells.
Cox-1 series: MEM: n=12; CMV: n=11; CMV+ASA: n=11. Cox-2 series: MEM: n=11; CMV: n=11; CMV+ASA: n=12. ****' p <0.0001; ***: p < 0.001; **:
p<0.01;* p<0.05; ns: not significant. Kruskal-Wallis test with Dunn’s post-hoc correction
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neurodevelopmental pathogenesis. Cox-1 KO embryonic
brains were thus infected with CMV to see if the consti-
tutional lack of Cox-1 would recapitulate the effects of
ASA against CMV-associated pathogenesis. However,
none of the beneficial effects of ASA on the postnatal
phenotypes was seen in the CMV-infected Cox-1 KO
pups in vivo as compared with their wild-type counter-
parts (Fig. 5) (Table S7).

Both ASA treatment in utero and the Cox-1 knock-out
prevent against spontaneous epileptiform activity

in neocortical slices from CMV-infected pups

Maternal ASA intake during pregnancy had an undisput-
able beneficial impact on the severe, postnatal neurologic
phenotypes caused by CMV infection of the fetal brain.
However, the improvement of GTCS looked more sub-
tle, as ASA only led to a delay in the occurrence of GTCS
in treated versus untreated pups. To further evaluate the
effect of ASA treatment in utero on neuronal network
activity in the CMV-infected brains, extracellular elec-
trophysiological recordings were then performed ex vivo
in layer IV of somatosensory cortices taken from pups
aged 14-16 days (P14-P16). Spontaneous ictal-like events
were detected in brain slices from each of the five CMV-
infected pups analyzed (Fig. 6A, B), while, as expected,
no slice from five control (MEM) pups showed such
events (p=0.0228) (Fig. 6C). The averaged frequency dis-
tribution of spikes within the ictal-like events revealed a
bimodal distribution with two peaks occurring at around
13 Hz and 23 Hz, respectively (Fig. 6B) (Table S8).
Maternal ASA intake during pregnancy led to a signifi-
cant recovery, as only one out of six ASA-treated, CMV-
infected pups showed a spontaneous ictal-like event
(p=0.0228) (Fig. 6C). We then analyzed the spontaneous
unitary spikes (Fig. 6D), which were categorized as inter-
ictal-like events, focusing on a 5-min representative time
interval where the previously-identified ictal-like events
were absent. The averaged frequency distribution of

(See figure on next page.)
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interictal spikes within the selected time interval revealed
a single peak at approximately 3 Hz (Fig. 6E) (Table S8).
A significant increase in the mean frequency of sponta-
neous interictal-like events was observed in slices from
untreated, CMV-infected pups compared to slices from
control (MEM) pups (p=0.032); this increase was signifi-
cantly counteracted in slices obtained from ASA-treated,
CMV-infected pups (p=0.0002) (Fig. 6F) (Table S8).

Consistently, spontaneous ictal-like events were never
detected in slice recordings from seven CMV-infected,
Cox-1 KO pups, while most (six out of eight) CMV-
infected, wild-type pups showed such ictal-like events
(p=0.007) (Fig. 7A-C). The frequency distribution of
spikes within these ictal-like events displayed a uni-
modal distribution with a peak at approximately 13 Hz
(Fig. 7B) (Table S9). Analysis of the interictal-like events
(Fig. 7D) revealed a mean frequency distribution of
spikes peaking at 3 Hz (Fig. 7E) (Table S9). As with ASA
intake in utero, a significant and dramatic reduction in
the occurrence of interictal-like events was seen in slices
from CMV-infected Cox-1 KO pups compared to their
CMV-infected WT counterparts (p<0.0001) (Fig. 7F)
(Table S9).

In summary, whereas no improvement of the postnatal
epileptic outcome of CMV infection was obtained in vivo
in Cox-1 KO pups, an undisputable beneficial effect
of Cox-1 KO on the epileptiform events was obtained
ex vivo as with ASA in neocortices from CMV-infected

pups.

Discussion

The involvement of early altered cellular and molecular
immune processes in the neuropathogenesis of congenital
CMV infection has been increasingly questioned in
the recent years. In a model of CMV infection of the
developing rat brain in utero [20, 21], we now provide
evidence for overproduction of PGE2—one main product
of the PG synthesis pathway—in the developing brain

Fig. 3 Maternal aspirin intake does not rescue Cox-1 and Cox-2 microglial overexpressions in CMV-infected neonatal brains. Cox-1 and Cox-2
microglial expressions were quantified in brains from non-infected (MEM) cohort (three litters) and in brains from untreated (CMV) (four litters)
and ASA-treated (CMV + ASA) (three litters) infected cohorts, using immunohistochemistry. A Cells were quantified in a region of interest (ROI;
red square) located in the dorsolateral corner of the lateral ventricle, in brain sections selected at the same anatomical level (bregma+0.8 mm;
see https://www.inmed.fr/en/en-atlas-stereotaxique-du-cerveau-de-rat-au-cours-du-developpement-postnatal) [41]. B Representative confocal

images (coronal sections) of embryonic brains at P1 after immunohistochemical stainings for Iba1* cells (microglia; magenta) and for Cox-17 (cyan,
left panels) and Cox-2* (cyan, right panels) cells in the three experimental conditions. Scale bars apply to all corresponding images and insets
(dashed squares). Left and right insets are labeled with one and two stars, respectively. White arrowheads point to co-labeled Iba1*, Cox-1* or Iba1”,
Cox-2" cells. Orange arrows point to Iba1*, Cox1~ or Iba1*, Cox2~ cells. C (top) Densities of microglia (Iba1* cells) were calculated as the total
number of IbaT +cells per um? of brain section. (bottom) The proportions of microglia (Iba1*) expressing either of Cox-1 or Cox-2 were quantified
by calculating the ratio of Iba1*, Cox-17, or Iba1*, Cox-2* cells to the total number of Iba1* cells. Cox-1 series: MEM: n=11; CMV: n=12; CMV + ASA:
n=13.Cox-2 series: MEM: n=12; CMV: n=12; CMV + ASA: n=13.***: p<0.001; *: p <0.05; ns: not significant. Kruskal-Wallis test with Dunn’s post-hoc
correction
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Fig. 4 Maternal aspirin improves the in vivo postnatal phenotypes after CMV infection of the fetal brain. Postnatal phenotyping was done

as reported previously [21] on a daily basis during the two first postnatal weeks by comparing cohorts of rat pups previously submitted to icv
injections of MEM (vehicle) or of CMV at E15. CMV cohorts were untreated or treated with either of acetylsalicylic acid (ASA) or N-acetyl-L-cysteine
(NAC) provided to the dam in drinking water ad libitum from E5-6 until delivery. MEM: non-infected cohort (n=30 from three litters); CMV:
CMV-infected, untreated cohort (n=41 from five litters); CMV + ASA: CMV-infected, ASA-treated cohort (n=55 from six litters); CMV +NAC:
CMV-infected, NAC-treated cohort (n=47 from six litters). Sex ratio did not differ significantly between the four conditions at birth (p=0.7497,
Fisher's exact test). As reported [21], CMV infection worsened the postnatal phenotypes, compared to the MEM cohort. Both the CMV +ASA

and the CMV+NAC cohorts displayed significant improvements in: A survival; B body weight gain; C success to the righting reflex test; D success
to the cliff aversion test; E occurrence of hindlimb hyperextension. F ASA, but not NAC, led to a significant delay in the occurrence of GTCS. E-F

In addition to the mixed model (left statistics), Fisher's exact test (right statistics) was used to assess the overall risks to hindlimb hyperextension
(E) and to GTCS (F) in the MEM, CMV-infected and ASA-treated cohorts (see also Figure S6B). Note that due to the previously reported relationship
between survival on the one hand and the neurologic phenotypes on the other hand [21], a misleading effect of apparent improvement with time
could be perceived. ****: p <0.0001,***: p <0.001; **: p<0.01; *: p<0.05; ns: not significant. Kaplan-Meier method followed by Log-Rank test (A);
mixed model for repeated measures (B-F); Fisher's exact test, two-tailed, with pairwise comparisons and Benjamini-Hochberg correction (E, F)

following CMYV infection, and we show that expressions
of Cox-1 and of Cox-2, the two key enzymes of the PG
pathway, are increased in microglia in such a context.
In this model, we also show that maternal intake dur-
ing pregnancy of ASA, a drug known to inhibit the PG
pathway, reverted the Cox-1 overexpression seen in fetal
microglia, improved postnatal survival and the severity
of the postnatal neurologic phenotypes, and prevented
against the epileptiform events recorded in neocortical
slices from CMV-infected pups. While Cox-1 KO had no

such a beneficial effect on CMV-infected pups in vivo,
the CMV-related epileptiform events were successfully
prevented as with ASA in Cox-1 KO ex vivo.

CMV, microglia, ASA, and cyclooxygenases

Viral infections may impact on brain development via
impaired microglia functioning [51]. Our previous
data had indicated that fetal microglia was pivotal to
the neuropathogenesis associated with CMV infection
of the fetal brain [21], which is consistent with the
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Fig. 5 Cox-1 knock-out does not improve the in vivo postnatal phenotypes after CMV infection of the fetal brain. Postnatal phenotyping

was done as reported previously [21] on a daily basis during the two first postnatal weeks in 17 litters with Cox-1*/* (wild-type, WT; n=35), Cox-1*
(heterozygotes, HET; n=67) and Cox-17~ (homozygotes knock-out, KO; n=23) rat pups previously submitted to icv injections of CMV at E15. Sex
ratio did not differ significantly between the three conditions at birth (p=0.2489, Fisher's exact test). No significant improvement was observed
in Cox-17~ and in Cox-1* pups compared to Cox-1 WT pups for A survival B body weight gain C success to the righting reflex test D success

to the cliff aversion test E occurrence of hindlimb hyperextension F generalized tonic—clonic epileptic seizures. Of note, success to the righting

reflex test even worsened significantly (p=0.0223) in Cox-1 -

mixed model for repeated measures (B-F)

crucial role of microglia not only in immune defense
against pathogens, but also in various developmental
processes such as neurogenesis, synaptogenesis,
synaptic pruning, and connectivity [52, 53]. We had
shown that drug-based transient rescue of altered fetal
microglia during pregnancy was sufficient to prevent
against the neurologic phenotypes postnatally [21]. The
present data are in line with these findings: the effect
of maternal intake of ASA, reducing Cox-1 expression
in fetal microglia at E17 but not at P1, was associated
with a beneficial impact on the postnatal phenotypes
in vivo, and on the epileptiform events recorded in
the neocortex of rat pups ex vivo. This is consistent
with previous reports showing that ASA reduced the
inflammation-induced overexpression of Cox-1 protein
in microglial cells [50], and that Cox-1 inhibitors could
revert the increased expression of Cox-1 in microglial
cells stimulated with lipopolysaccharide [54].

rats compared to Cox-1 WT. Kaplan-Meier method followed by Log-Rank test (A);

ASA acts by acetylating Cox-1 at serine 529 and Cox-2
at serine 516, and is rapidly deacetylated into salicylic
acid. Both ASA and salicylic acid have relatively short
half-lives (20 min and 2-4.5 h, respectively) [55].
This could explain the lack of any apparent impact
of ASA on microglial Cox-1 expression observed in
the neonatal brains at P1, i.e., 24 h after maternal
treatment discontinuation. The mechanisms of action
of salicylic acid remain debated. Salicylic acid may have
no efficient effect on Cox activities but would rather
decrease PG synthesis by inhibiting Cox production. As
a matter of fact, ASA was previously shown to decrease
the inflammation-induced overexpression of the Cox-1
protein in microglia [50] and of the Cox-2 gene (Ptgs2)
in macrophages [37].

While a classical view has long considered that induc-
ible Cox-2 expression was prominently involved upon
inflammatory challenge, a critical proinflammatory
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Fig. 6 Maternal aspirin intake prevents against ictal- and interictal-like events in CMV-infected postnatal brains ex vivo. A Representative local

field potential (LFP) trace of spontaneous events recorded at P15 within the neocortical layer IV in brain slices from CMV-infected rat pups (top).
The ictal-like event is shown at an expanded timescale (bottom). B Mean frequency distribution of spikes for ictal-like events (n=7 events in brain
slices from five CMV-infected pups (two litters)). Bin size was set at 5 Hz. Average count values corresponding to the middles of each bin are
connected with a solid line. A zoom-in of the initial part (0-45 Hz) of the frequency distribution is shown on the right corner. C Proportion of pups
exhibiting ictal-like events in different conditions: control (MEM); untreated, CMV-infected (CMV); and ASA-treated, CMV-infected (CMV + ASA). *:

p <0.05. Fisher's exact test, two-tailed, with pairwise comparisons and Benjamini-Hochberg correction. D Representative LFP traces of spontaneous
interictal-like events recorded in brain slices from control (MEM, top trace), untreated CMV-infected (CMV, middle trace), and ASA-treated
CMV-infected (CMV+ASA, bottom trace) pups. E Mean frequency distribution of spikes for interictal-like events. Control (MEM, grey trace, n=12
slices from five pups (two litters)); untreated CMV-infected (CMV, blue trace, n =9 slices from five pups (two litters)); ASA-treated CMV-infected
(CMV+ASA, orange trace, n= 12 slices from six pups (three litters)). A zoom-in of the initial part (0-45 Hz) of the frequency distribution is shown

on the right corner. F Summary data for averaged spike frequencies for interictal-like events in control (MEM, left, n=12 slices from five pups (two
litters)), untreated CMV-infected (CMV, middle, n=9 slices from five pups (two litters)) and ASA-treated CMV-infected (CMV + ASA, right, n=12 slices
from six pups (three litters)) conditions. ***: p < 0.001; *: p < 0.05; ns: not significant. Kruskal-Wallis test with Dunn’s multiple comparisons test

function has also been attributed to Cox-1 [56]. Cox-1
and Cox-2 show different expression profiles in the
brain and might exert various and sometimes opposite
roles in neuroinflammation [56]. There is more promi-
nent expression of Ptgs] than Ptgs2 in mouse microglia,
according to RNAseq databases (https://www.brain

rnaseq.org/; [57] (http://neuroexpresso.org/,[58]), and
notably during brain development, as shown by our
in silico search at the Broad Institute website (https://
singlecell.broadinstitute.org/single_cell/study/SCP12
90, [42].
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Fig. 7 Cox-1 knock-out prevents against ictal- and interictal-like events in CMV-infected postnatal brains ex vivo. A Representative LFP trace

of spontaneous events recorded at P15 within the neocortical layer IV in brain slices from wild-type (WT) rat pups infected with CMV (top). The
ictal-like event is shown at an expanded timescale (bottom). B Mean frequency distribution of spikes for ictal-like events (n=6 events in brain

slices from eight CMV-infected WT pups (four litters)). Bin size was set at 5 Hz. Average count values corresponding to the middles of each bin are
connected with a solid line. A zoom-in of the initial part (0-45 Hz) of the frequency distribution is shown on the right corner. C Proportion of pups
exhibiting ictal-like events in different groups: CMV-infected, WT pups (WT CMV); CMV-infected, Cox-1 KO pups (KO CMV). **: p<0.01. Fisher's

exact test, two-tailed. D Representative LFP traces of spontaneous interictal-like events recorded in brain slices from CMV-infected WT (top trace)
and CMV-infected Cox-1 KO (bottom trace) pups. E Mean frequency distribution of spikes for interictal-like events. CMV-infected WT (WT CMV): light
blue trace, n=12 slices from six pups; CMV-infected Cox-1 KO (KO CMV): dark blue trace, n=9 slices from six pups; all pups from the same four litters.
A zoom-in of the initial part (0-45 Hz) of the frequency distribution is shown on the right corner. F Summary data for averaged spike frequencies

for interictal-like events in CMV-infected WT (WT CMV) pups (right, n=12 slices from six pups) and from CMV-infected Cox-1 KO (KO CMV) pups
(left, n=9 slices from six pups); all pups from the same four litters. ****: p < 0.0001. Mann Whitney test, two-tailed

In our model, ASA intake corrected Cox-1 expres-
sion in fetal microglia, while leaving Cox-2 microglial
expression unchanged. Interestingly, it was previously
shown that rat Cox-1 microglial expression was stimu-
lated under neuroinflammatory challenge [59], and that
increased microglial expression of Cox-1, but not Cox-2,
was associated with acute cognitive deficits induced by
systemic inflammation [60]. Furthermore, a PtgsI (the

Cox-1 gene) high-expression allele has been genetically
associated with higher risk to cerebral palsy [61], which
is one classical and severe outcome of congenital CMV
infections. Also, Ptgsl, but not Ptgs2, is upregulated
in brains from HIV-demented versus non-demented
patients, which likely and selectively sustains the elevated
levels of PGE2 found in the cerebrospinal fluids of such
HIV-demented patients [62]. It was also shown that
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Cox-1 KO mice exhibited attenuated microglia activation
in response to brain inflammatory stimuli [27], and that
inhibition of Cox-1, but not Cox-2, decreased microglial
PGE2 production induced by phagocytosis [63]. Impor-
tantly also, the critical involvement of microglial PG
synthesis in inflammation-induced negative affect was
dependent on Cox-1 [64].

Obviously, the classical limitations of drug-based
assays including possible off-target effects should be
considered here. Besides microglia, non-microglial
cells including other brain phagocytes such as border-
associated macrophages, or neuronal cells, would also be
targeted by ASA. Also, in line with previous findings [65],
ASA intake during pregnancy might even have modified
the maternal gut microbiota, which in turn was shown to
influence microglia in the offspring [66].

CMV, ASA, and the PG pathway

The possible role of the PG pathway in the
neuropathogenesis of congenital CMV infection had
not been questioned in vivo yet. PG are lipid molecules
produced by the action of cyclooxygenases and PG
synthases. PGE2, one of the most studied PG, is an
important mediator of inflammation that can be
activated in the context of viral infections [48]. Although
the impact of CMV infection and of ASA treatment on
the production of PGE2 and TxB2 could not be assessed
at E17, as they were not detectable by mass spectrometry
at that stage, increased amounts of PGE2 were detected
in postnatal P1, CMV-infected brain. The increased
amounts of PGE2 and the increased proportions of
microglial cells expressing Cox-1 or Cox-2 detected here
in the CMV-infected brains, as well as the beneficial
effects of ASA, are consistent with the known and
central role of the PG pathway in neuroinflammation, in
microglia homeostasis, and in viral infections [28, 48,
56]. Interestingly, antioxidant agent NAC that also had
a favorable impact on the postnatal phenotypes in the
present model, was previously shown to decrease PG
production [67]. Another product of the PG pathway,
namely 15-deoxy-PGJ2, exerts anti-inflammatory
effects in part via the peroxisome proliferator-activated
receptor y (PPAR-y), which has been involved in the
neuropathogenesis of congenital CMV infection [68, 69].
Furthermore, the 9- and 13-HODE derivatives of linoleic
acid, with 9-HODE being considered pro-inflammatory
and 13-HODE anti-inflammatory, are agonists of PPAR-y
[70], and they showed decreased levels here in the CMV-
infected brains. Importantly, the ratio of 13- to 9-HODE,
which has previously been identified by lipidomic
profiling as a putative biomarker for immune response
during active viral infection [49], was transiently
increased in the CMV-infected fetal brains and this was
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reverted by ASA, suggesting an anti-inflammatory effect
of maternal ASA treatment.

Cox-1-dependent and Cox-1-independent mechanisms

for neuropathogenesis and ASA

The data obtained ex vivo in the CMV-infected, Cox-1
KO rats unambiguously demonstrated a beneficial effect
of Cox-1 inactivation on the activity of the neuronal
networks, at least in layer 4 of the somatosensory cortex,
indicating a participation of the PG pathway, and of
Cox-1 particularly, in the cerebral alterations caused
by congenital CMV infection. However, this was not
sufficient to improve the neurologic phenotypes in vivo.
In contrast, the beneficial impact of ASA expanded to the
phenotypes in vivo. Several non-exclusive reasons could
explain this important discrepancy.

First, ASA likely acted via both Cox-1-dependent
and Cox-1-independent mechanisms. Notably, while
microglial Cox-2 overexpression was not improved by
ASA, an additive beneficial effect of ASA via decreased
Cox-2 activity and/or production in neurons and other
non-microglial cells might be needed to reach successful
rescue in vivo. ASA is a pleiotropic drug with multiple
and complex effects. Beyond the classical role of ASA
and salicylic acid in the inhibition of PG production, both
compounds were also shown to act via Cox-independent
mechanisms, e.g. via the nuclear factor kappa B (NF-
kB) pathway [71, 72], the expression of the interleukin-4
gene [73], or by influencing apoptosis [74]. ASA
treatment might have influenced key cellular processes
that are disturbed in CMV-infected cells or that have
been associated with inflammation, such as cellular
senescence [75], the mTOR pathway [76], or PANoptosis
[77]—including pyroptosis [78]. Furthermore, ASA was
shown to impact on hippocampal plasticity by directly
binding to PPAR-« [79]. In a similar vein, it was shown
that acetaminophen, a main Cox-2 inhibitor, acted
against microglia activation by both Cox-dependent
and Cox-independent mechanisms in a mouse model
of Down syndrome [80]. Second, compensation might
be operating in the context of Cox-1 KO, but not under
ASA leading to partial-only inhibition of Cox-1. Indeed,
compensatory mechanisms are usually induced against
KO but not after gene or protein knockdown [81,
82]. As a related example, it was reported that Cox-1
compensated as the alternative source for PG synthesis
in Cox-2 deficient mice [83]. However, the lack of any
rescue also seen here in the heterozygous Cox-1*"" pups
in vivo would argue against this explanation. Third, the
different genetic backgrounds of the naive, Wistar rats
used in ASA-based experiments and of the Cox-1 KO,
Sprague—Dawley cohorts, might account for differences
in Cox-1-dependent responses to CMV infection.
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Despite these limitations, Cox-1 inactivation impacted
on neurodevelopmental processes in the context of
CMV infection, as the KO, despite not having any
apparent effect in vivo, rescued the spontaneous
epileptiform activities ex vivo. Hence, Cox-1 participated
in the detrimental effects that CMV infection of the
developing brain and its accompanying brain immune
alterations exerted on the activity of the neocortical
neuronal networks, as revealed by electrophysiological
recordings in both ASA-treated Wistar pups and Cox-1
KO Sprague—Dawley pups. Future studies should help
in understanding the likely complicated contribution of
the PG pathway to the neuropathogenesis of congenital
brain infections. Whether the anomalies triggered by
CMV infection of the developing brain, such as the
increased microglial Cox-1 and Cox-2 expressions, the
disturbed lipid metabolism, or the epileptiform activities,
would last longer, and whether longer-term neurologic
phenotypes (e.g. altered social interactions) would be
seen in older rats—and then, whether such abnormalities
would be counteracted by the antenatal treatment with
ASA—represent other interesting questions that remain
to be addressed. Also, what sustains the improved
survival seen with ASA remains undetermined. We had
previously found a strong statistical correlation between
postnatal lethality and the occurrence of epileptic
seizures [21]. Hence, SUDEP (sudden unexpected death
in epilepsy) might be postulated, at least in a subset of the
pups. In the present study, ASA significantly delayed the
occurrence of seizures in the pups, and might also have
reduced the risk to SUDEP in the still-epileptic pups,
hence contributing to the observed decreased lethality.
In addition, ASA might have improved survival by
ameliorating the altered sensorimotor skills and hindlimb
impairment seen in CMV-infected pups, hence possibly
improving feeding—as suggested by increased body
weight gain.

Translational perspectives

Our previous [21] and present data provide promising
avenues for designing strategies of fetal therapy in
human congenital CMV infections. Particularly, the data
obtained here represent an in vivo proof-of-principle for
the possible use of ASA during pregnancy against the
detrimental consequences of congenital CMV infections.
Obviously, adapting several aspects of the present
study to a possible use in the human condition, such as
the doses of ASA, and whether a more time restricted
administration of aspirin during pregnancy would also
be successful, and whether a critical time window for
such an in utero intervention could be defined, notably
after CMV infection of the brain, are all important
translational issues that should be addressed in future
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studies. However, it is worth being mentioned that low
dose ASA is already one out the few eight approved
and proven antenatal interventions aimed at preventing
vulnerable birth or at improving outcomes [84], and was
shown to improve the future neurobehavioral abilities of
very preterm newborns [85].

Conclusion
Maternal administration of ASA during pregnancy
improved CMV-related neurodevelopmental

abnormalities in the offspring after infection of the
rat fetal brain, likely through Cox-1 related and Cox-1
unrelated modes of action. These data represent a first
proof-of-principle in vivo for the antenatal use of ASA
against the detrimental outcomes of congenital CMV
infections.
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