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Magdalena Cieślik 1, Magdalena Gassowska-Dobrowolska 1, Aleksandra Zawadzka 1,

Małgorzata Frontczak-Baniewicz 2, Magdalena Gewartowska 2, Agnieszka Dominiak 3,

Grzegorz A. Czapski 1* and Agata Adamczyk 1

1Department of Cellular Signalling, Mossakowski Medical Research Centre Polish Academy of Sciences, Warsaw, Poland,
2 Electron Microscopy Platform, Mossakowski Medical Research Centre Polish Academy of Sciences, Warsaw, Poland,
3Department of Biochemistry and Pharmacogenomics, Faculty of Pharmacy, Medicine, Medical University of Warsaw,

Warsaw, Poland

Maternal immune activation (MIA) is a risk factor for neurodevelopmental disorders in

offspring, but the pathomechanism is largely unknown. The aim of our study was to

analyse the molecular mechanisms contributing to synaptic alterations in hippocampi

of adolescent rats exposed prenatally to MIA. MIA was evoked in pregnant female

rats by i.p. administration of lipopolysaccharide at gestation day 9.5. Hippocampi of

offspring (52–53-days-old rats) were analysed using transmission electron microscopy

(TEM), qPCR and Western blotting. Moreover, mitochondrial membrane potential,

activity of respiratory complexes, and changes in glutathione system were measured.

It was found that MIA induced changes in hippocampi morphology, especially in the

ultrastructure of synapses, including synaptic mitochondria, which were accompanied

by impairment of mitochondrial electron transport chain and decreased mitochondrial

membrane potential. These phenomena were in agreement with increased generation

of reactive oxygen species, which was evidenced by a decreased reduced/oxidised

glutathione ratio and an increased level of dichlorofluorescein (DCF) oxidation. Activation

of cyclin-dependent kinase 5, and phosphorylation of glycogen synthase kinase 3β

on Ser9 occurred, leading to its inhibition and, accordingly, to hypophosphorylation of

microtubule associated protein tau (MAPT). Abnormal phosphorylation and dysfunction

of MAPT, themanager of the neuronal cytoskeleton, harmonised with changes in synaptic

proteins. In conclusion, this is the first study demonstrating widespread synaptic changes

in hippocampi of adolescent offspring prenatally exposed to MIA.

Keywords: neurodevelopmental disorders, maternal immune activation, lipopolysaccharide, mitochondria,

oxidative stress, synaptic dysfunction

INTRODUCTION

Many environmental factors impact the brain during the key stages of prenatal development
(Kern et al., 2017). Additionally, activation of the maternal immune system during pregnancy, so-
called maternal immune activation (MIA), may contribute to development of several neurological
complications in offspring at all stages of life. Epidemiological evidence implicates MIA as a
risk factor for developing autism spectrum disorders (ASDs), schizophrenia, epilepsy, or bipolar
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disorder (Knuesel et al., 2014; Estes and Mcallister, 2016).
It was demonstrated that infection with rubella virus,
influenza, or toxoplasma gondii increases the incidence of
neurodevelopmental disorders (Solek et al., 2018). Some
infectious agents may evoke specific neurological complications,
such as Zika virus infection causing microcephaly and other
serious brain anomalies (Rasmussen et al., 2016). However, it
seems that activation of the immune system and fever in general,
not a specific pathogen, is responsible for early impairment of
neurodevelopmental processes in offspring leading to long-term
consequences in adult life. Animals exposed to MIA during
pregnancy develop alterations in neuronal migration and density
leading in consequence to changes in the volume of several
brain structures (Bergdolt and Dunaevsky, 2019). Moreover,
MIA affects dendritic structure and synaptic formation. The
nature of MIA-evoked developmental changes in the central
nervous system (CNS) is strictly dependent on the time of MIA
(Bergdolt and Dunaevsky, 2019).

It was proposed that microglial cells that represent the
immune system in the CNS play a role in development of
MIA-related changes in offspring (van Den Eynde et al., 2014;
Bergdolt and Dunaevsky, 2019). Microglia is characterised by its
high versatility in reacting to changes in the microenvironment.
Microglial cells adopt different phenotypes in response to
different stimuli (phenotype polarisation). “Classic” phenotype
M1 (often referred to as cytotoxic), as a reaction to infection
or brain tissue damage, is characterised by production of
pro-inflammatory cytokines, matrix metalloproteinases, and
free radicals. Microglia M1 is well-prepared to effectively
kill microorganisms but may be also harmful to neurons
when overactivated. “Alternative” phenotype M2 (referred to
as neuroprotective) is typical of microglial cells acting as
anti-inflammatory and neuroprotective. Transcriptomic studies
suggest a broad spectrum of microglia phenotypes in vivo,
wherein M1 and M2 are only two possible options (Xue
et al., 2014). The role of microglia in neurodevelopmental
alterations after MIA was studied in several experimental
rodent models using mainly two common immunostimulants:
lipopolysaccharide (LPS) and polyinosinic-polycytidylic acid
(PIC, also abbreviated as poly [I:C]). LPS is a component of
the wall of gram-negative bacteria, and PIC is a synthetic
analogue of dsRNA (mimetic of viral dsRNA). Although both
LPS and PIC activate innate mechanisms of immune response by
stimulation of Toll-like receptors (Tlr4 and Tlr3, respectively),
the response differs significantly (Konat, 2016). The mechanisms
responsible for synaptic alterations in the adult brain evoked
by LPS-related MIA are hardly understood. Therefore, in our
experiments, we used a rat model of MIA, based on systemic
administration of LPS at a relatively low dose (100 µg/kg of
body weight) to pregnant females at day 9.5, which in humans
corresponds to the early/middle foetal life (Kirsten et al., 2010a).
The growing body of evidence indicates that activation of the
mother’s immune system in this phase of embryonic life may
significantly impact development with prolonged effects, but the
underlying mechanism is unclear (Kirsten et al., 2010b, 2013;
Hornig et al., 2018; Bergdolt and Dunaevsky, 2019; Cieślik et al.,
2020).

The aim of the current study was to clarify the mechanism
responsible for synaptic dysregulation in hippocampi of offspring
exposed toMIA in prenatal life.We focused on the hippocampus,
which was implicated in autism. It was shown that the
hippocampus is especially sensitive to inflammatory insults in
both early pregnant and adult life, which may be a part of
the pathogenesis of neurodevelopmental disorders, including
autism. Our results demonstrated widespread synaptic changes in
hippocampi of adolescent offspring prenatally exposed to MIA.
Remarkably, despite an increased level of glial markers, Iba1
and s100β, proinflammatory signalling was not upregulated in
hippocampi of MIA rats.

MATERIALS AND METHODS

Chemicals
LPS (from E. coli serotype 055:B5; Lot 113M4068V; toxicity 3 ×
106 U/mg), TRI reagent, DNAse I and bovine serum albumin
(BSA) were from Sigma-Aldrich (St. Louis, MO, USA). Goat
polyclonal anti-Iba1 antibody and mouse monoclonal anti-
MTCO1 antibody were from Abcam (Cambridge, UK). Donkey
anti-goat IgG antibody, mouse monoclonal anti-synaptophysin
antibody, mouse monoclonal anti-synapsin antibody, rabbit
polyclonal anti-phospho-synapsin (Ser62/67) antibody, mouse
monoclonal anti-PSD-95 antibody, mouse monoclonal anti-
VAMP1/2 antibody, mouse monoclonal anti-MAPT antibody,
rabbit polyclonal anti-Cdk5 antibody, rabbit polyclonal anti-
p35/p25 antibody, mouse monoclonal anti-nitrotyrosine
antibody, mouse monoclonal anti-arginase antibody, rabbit
polyclonal anti-iNOS antibody, mouse monoclonal anti-
ND1 antibody, and mouse monoclonal anti-syntaxin-1 were
obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Rabbit polyclonal anti-synaptotagmin-1 antibody,
rabbit monoclonal anti-phospho-MAPT (Ser416) antibody,
mouse monoclonal anti-phospho-MAPT (Ser396) antibody,
rabbit monoclonal anti-Gsk-3β antibody, rabbit polyclonal
anti-phospho-Gsk-3β (Ser9) antibody, rabbit monoclonal anti-
SNAP25 antibody, rabbit monoclonal anti-mTOR antibody,
rabbit monoclonal anti-phospho-mTOR (Ser2448) antibody,
rabbit monoclonal anti-p38 antibody, rabbit monoclonal anti
phospho-p38 (Thr180/Tyr182) antibody, and rabbit polyclonal
anti-vinculin antibody were obtained from Cell Signalling
(Beverly, MA, USA). Rabbit polyclonal anti-Gsk-3β (Ser389)
antibody was from Proteintech Group, Inc. (Rosemont,
IL, USA). Rabbit polyclonal anti-GAPDH antibody, rabbit
polyclonal anti-phospho-MAPT (Ser199/202) antibody, goat
anti-rabbit IgG antibody and mouse monoclonal anti-s100b
antibody were from Sigma-Aldrich (St. Louis, MO, USA).
Sheep anti-mouse IgG antibody was from GE Healthcare
(Little Chalfont, Buckinghamshire, UK). Antibodies for
immunohistochemistry: rabbit polyclonal anti-IL-1 beta, rabbit
polyclonal anti-liver arginase, goat polyclonal anti-Iba1, and
goat polyclonal anti-GFAP were from Abcam; donkey polyclonal
anti-Goat (Alexa Fluor 594) and donkey polyclonal anti-
Rabbit (Alexa Fluor 488) were from Thermo Fisher Scientific
(Paisley, UK). Chemiluminescent reagent Clarity Western ECL
Substrate and Bio-Plex Pro Rat Cytokine 23-Plex Assay were
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from Bio-Rad Laboratories (Hercules, CA, USA). Protease
inhibitors cocktail cOmplete was from Roche Diagnostics
GmbH (Mannheim, Germany). Glutathione Assay Kit and
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) were
from Cayman Chemical Company (Ann Arbour, MI, USA).
Complex I Enzyme Activity Microplate Assay Kit and Complex
IV Rodent Enzyme Activity Microplate Assay Kit were from
Abcam (Cambridge, UK). Mitochondria Isolation Kit was from
Sigma-Aldrich (St. Louis, MO, USA). Reagents for reverse
transcription (High Capacity cDNA Reverse Transcription
Kit) and PCR (TaqMan Fast Advanced Master Mix) were from
Thermo Fisher Scientific (Paisley, UK). Micro RNA purification
kit was from A&A Biotechnology (Gdynia, Poland). DMSO
and all other common reagents were from Sigma-Aldrich (St.
Louis, MO, USA). The full list of the chemicals, antibodies etc. is
presented in Supplementary Materials.

Animals
Experimental MIA was induced in female 2- to 3-month-
old (200–250 g) Wistar rats, supplied by Animal House of
Mossakowski Medical Research Centre PAS (Warsaw, Poland)
which operates breeding of small rodents with the SPF standard.
The animals were maintained under controlled temperature
and humidity conditions on a 12-h light/dark cycle. All of
the experiments conducted on animals were approved by
the Local Ethics Committee for Animal Experimentation in
Warsaw (reference numbers 4/2014, 60/2015, 64/2015, 361/2017
WAW2/083/2018, and WAW2/148/2018) and were carried out
in accordance with the EU Directive 2010/63/EU for animal
experiments. Every effort was made to minimise the number of
animals used and reduce the amount of pain and distress.

Experimental Procedure
The rat pregnancies were achieved by housing a male and a
female overnight. The next morning, female rats were separated,
and the mid-day of that day was defined as gestation day 0.5
(GD0.5). The pregnant female rats were identified and MIA
was evoked by intraperitoneal (i.p.) administration of LPS from
Escherichia coli (Sigma-Aldrich, Saint Louis, MO, USA; serotype
055:B5) (100 µg/kg b.w.) at GD9.5 (Kirsten et al., 2012; Cieślik
et al., 2020). Females from the control group received i.p.
administration of analogous volume of vehicle (sterile 0.9%
NaCl). Maternal sickness behaviour was monitored for 24 h from
LPS administration. All dams were allowed to give birth and
nurture offspring under normal conditions. The day of birth was
recorded as postnatal day (PND) 1. On PND 7 each litter was
equalised (random selection) and the number of pups was limited
to 10 (both male and female). On PND 22–23, rat pups were
separated and housed in groups of 3 or 4 in open polycarbonate
cages in an enriched environment. To avoid the interference of
the hormonal disturbances/changes only males were selected for
further experimental procedures. To reduce the risk of litter effect
animals from at least 3 L in each experimental group (random
selection) were tested. A panel of behavioural tests was applied
to characterise some ASD-related changes (Cieślik et al., 2020).
Offspring male rats from the control and MIA groups were

analysed at PND52-53. After decapitation, brains were quickly
removed, and hippocampi were dissected on ice.

Transmission Electron Microscopy (TEM)
Analysis
Rats were anaesthetized with a ketamine/xylazine combination
(100 mg/kg b.w. for ketamine and 10 mg/kg b.w. for xylazine)
and perfused through the ascending aorta initially with 0.9%
NaCl in 0.1M sodium-potassium phosphate buffer (PBS), pH 7.4,
and after with 2% paraformaldehyde and 2.5% glutaraldehyde
in 0.1M cacodylate buffer, pH 7.4 at 20◦C. Material for
ultrastructural studies was sampled from the hippocampi (cornu
ammonis, subregions CA2 and CA3) of all rat groups. Specimens
were fixed in the ice-cold fixative solution for 20 h and placed
in a mixture of 1% OsO4 and 0.8% K4[Fe(CN)6]. After
dehydration in a series of ethanol gradients, hippocampus
samples were embedded in epoxy resin (Epon 812). Ultra-thin
sections (60 nm) were examined by TEM (JEM-1200EX, Jeol,
Japan). To assess the dimensions of synaptic vesicles in nerve
terminals, the outermost thickness of each vesicle was taken as its
diameter. Microphotographs from each animal were randomly
taken and analysed until the number of counted SV reached
150. All visible vesicles on all selected microphotographs were
counted/measured. The mean value from each animal was used
in calculation. The number of animals in each group is indicated
by “n” number.

Immunohistochemistry
Rats were anaesthetized with a ketamine/xylazine combination
(100 mg/kg b.w. for ketamine and 10 mg/kg b.w. for xylazine)
and perfused through the ascending aorta initially with 0.9%
NaCl in 0.1M PBS, pH 7.4, and after with 4% paraformaldehyde.
Brains were removed and post fixed for 3 h at 4◦C in the
same fixative solution. Following post fixation, brains were
cryoprotected overnight in 20% sucrose solution in 0.1M PBS,
frozen on dry ice and stored at −80◦C. Next, the brains were
delivered on dry ice and cooled in a cryostat (Leica CM1850)
for 45min at −27◦C. Frozen brains were fastened to the table
in the cryostat using tissue freezing medium and coronally
sectioned at 40µm thickness. Analysis was performed in cornu
ammonis, subregions CA2 and CA3 region of hippocampus
(bregma −3.00 to −3.36mm) identified according to the Rat
Brain Stereotaxic Atlas (Paxinos and Watson, 2007). The free-
floating sections were washed 3 times with 0.1M PBS for 5min
and incubated in 1% hydrogen peroxide in 0.1M PBS for
30min to inhibit/quench endogenous peroxidases. After washing
with 0.1M PBS (3 × 5min), slices were incubated in blocking
solution (5% Normal Donkey Serum in 0.1M PBS + 0.3%
TritonX100) for 1 h at room temperature (RT). The incubation
with primary antibodies was performed in 5% NDS, 1% BSA,
0.3% TritonX100, and 0.1M PBS for 1 h at RT and overnight
at 4◦C. The next day, the sections were washed with 0.1M
PBS (3 × 5min), incubated in dark with fluorescently labelled
secondary antibody in 5% NDS, 1% BSA, 0.3% TritonX100,
and 0.1M PBS for 1 h at RT, and washed with 0.1M PBS
(3 × 5min). The sections were then mounted onto glass
slides, air dried, and coverslipped with ProLong Gold Antifade
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Mountant with DAPI. Negative controls were performed with
the same procedure omitting the primary antibodies. IHC results
were examined using a confocal laser-scanning microscope,
Zeiss LSM 780/ELYRA PS.1. (Carl Zeiss Meditec AG, Jena,
Germany) platform equipped with the ZEN 2012 software,
lasers (488 or 561 nm), and 405 nm diode lamp. Images
were optimised for colour, brightness and contrast for best
clarity. Multiple-channel images were overlaid using ZEN light
software. Immunohistochemistry studies were performed in the
Laboratory of Advanced Microscopy Techniques MMRC PAS.

Western Immunoblotting
Analysis of immunoreactivity of proteins was performed as
described previously (Wilkaniec et al., 2018). Tissue samples
were homogenised, mixed with Laemmli buffer and denatured
at 95◦C for 5min. After SDS-PAGE, proteins were transferred
to a nitrocellulose membrane in standard conditions and used
for immunochemical analysis, followed by chemiluminescent
detection. The membranes were stripped (25mM Glycine-HCl,
1% (w/v) SDS, pH 2; 30min at room temperature) and re-probed.
As the first, phosphorylated protein was immunodetected, then
the total level, and finally, GAPDH or vinculin. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) or vinculin level was
analysed as a loading control. In all experiments, densitometric
analysis of immunoblots was performed using normalisation
to immunoreactivity of GAPDH or vinculin. Densitometric
analysis and size-marker based verification was performed
with TotalLab4 software (NonLinear Dynamics Ltd., Newcastle
upon Tyne, UK).

Measurement of Cytokine Levels in Brain
Tissue Extract
Hippocampi were homogenised in ice-cold buffer (20mM Tris
HCl, 0.15M NaCl, 2mM EDTA, 1mM EGTA, and Protease
Inhibitor Cocktail) and centrifuged (4,500 × g, 5min, 4◦C).
The resulting supernatant was used to determine cytokines
level of EPO, G-CSF, GM-CSF, GRO/KC, IFN-γ, IL-1α, IL-
1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p40, IL-12p70, IL-
13, IL-17A, IL-18, MCP-1, M-CSF, MIP-1α, MIP-2, MIP-3α,
RANTES, TNF-α, VEGF, by using Bio-Plex ProTM Rat Cytokine
23-Plex Assay on the Luminex Bio-Plex 200 system (Bio-Rad
Laboratories) according to the manufacturer’s instructions. Data
were calculated by generating a calibration curve obtained using
recombinant cytokines. Cytokines that were not detected were
assigned a value of zero in al analyses. Data were normalised to
protein level.

Determination of Glutathione Levels
Total (GSSG+GSH) and oxidised glutathione (GSSG) levels
were measured using an enzymatic assay kit (Cayman Chemical,
Ann Arbour, USA) as described previously (Dominiak et al.,
2017). Tissues were homogenised in ice-cold buffer (50mMMES,
pH 6–7; 1mM EDTA) and centrifuged (10,000 × g, 15min,
4◦C). The resulting supernatant was used to determine protein
content, and then it was deproteinated. GSSG concentration
was determined by the derivatization technique according to the
manufacturer’s instructions. The reaction was initiated by adding

a freshly prepared assay cocktail, and the change in absorbance
was detected on a microplate reader Multiscan GO (Thermo
Scientific) at 405 nm after 25min. The results were normalised
to protein level.

Measurement of the Reactive Oxygen
Species (ROS) Level
Measurement of the ROS level was carried out using fluorescent
probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA), as described previously (Dominiak et al., 2017).
DCFH-DA is deacetylated by cellular esterases to 2′,7′-
dichlorodihydrofluorescein (DCFH) and then may be oxidised
to a highly fluorescent compound, 2′,7′-dichlorofluorescein
(DCF). Homogenate (1% in PBS) of hippocampal tissue was
incubated in the dark in the presence of 10µM DCFH-DA
at 37◦C for 45min. DCF fluorescence was measured using
a microplate reader TECAN Infinite M1000PRO at 488 nm
excitation and 525 nm emission wavelengths. Each sample was
analysed in triplicate. To confirm that deacetylation of probe
was not a limiting factor of reaction, each sample was incubated
additionally in the presence of 10µM FeCl2 (positive control).
The results of fluorescence measurements are presented as
arbitrary units (AUs).

Mitochondria Isolation and Determination
of the Mitochondrial Membrane Potential
(19m)
Isolation of intact mitochondria from hippocampi of adolescent
rats was performed using the Mitochondrial Isolation kit
(MITOISO1; Sigma-Aldrich). After tissue homogenization in
extraction buffer A (10mM HEPES, pH 7.5; 200mM mannitol;
70mM sucrose; 1mM EGTA), centrifugation at low (600× g for
5min) and high speed (11,000 × g for 10min) was performed.
Isolated mitochondria were resuspended in 40 µl storage buffer
(10mMHEPES, pH 7.5, containing 250mM sucrose, 1mM ATP,
80µM ADP, 5mM sodium succinate, 2mM K2HPO4, 1mM
DTT) and used directly for JC-1 staining.

Detection of mitochondrial membrane potential (19m)
(inner membrane integrity) was achieved by JC-1 uptake

according to the manufacturer’s directions. JC-1 (5
′

,6,6
′

-

tetrachloro-1,1
′

,3,3
′

-tetraethylbenzimidazolylcarbocyanine
iodide) exhibits potential-dependent accumulation in
mitochondria, indicated by a fluorescence emission shift
from green (527 nm) to red-orange (590 nm). The fluorescence
of the mitochondria sample was read in a spectrofluorometer
TECAN Infinite M1000PRO with settings as follows: excitation
wavelength = 490 nm; slit = 5 nm and emission wavelength
= 590 nm; slit = 7.2 nm. The mitochondrial membrane
potential was expressed as fluorescence produced in the
mitochondria suspension per milligramme of mitochondrial
protein (FLU/mgP).

Complex I Activity Assay
Mitochondrial OXPHOS complex I activity was determined by
immunocapture ELISA according to the manufacturer’s protocol
(complex I enzyme activity microplate assay kit, Abcam). Briefly,
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50 µg of protein from tissue extracts was incubated in the wells
of a microplate, which was pre-coated with complex I capture
antibody, for 3 h at RT. Then, activity of the immunocaptured
complex I enzyme was determined by measuring the oxidation
of NADH to NAD+ and simultaneous reduction of a dye
which leads to increased absorbance at 450 nm. Each sample
was measured on a microplate reader Multiscan GO (Thermo
Scientific) in triplicate, and the activity was expressed as
change in absorbance per minute per amount of sample loaded
into the well.

Complex IV Activity Assay
Mitochondrial OXPHOS complex IV activity was measured as
an activity of the cytochrome c oxidase enzyme (EC 1.9.3.1)
in a hippocampal tissue using a Complex IV Rodent Enzyme
Activity Microplate Assay Kit (Abcam, USA) according to the
manufacturer’s instructions. The enzyme was immunocaptured
within the wells of the microplate, and its activity was
determined colourimetrically by following the oxidation of
reduced cytochrome c, as the absorbance decreased at 550 nm.
Each sample was measured on a microplate reader Multiscan
GO (Thermo Scientific) in triplicate, and the activity was
determined by calculating the slope between two points within
the linear region.

Analysis of the mRNA Level
Analysis of mRNA level was performed as described previously
(Wilkaniec et al., 2018). Total RNA was isolated by using
TRI reagent according to the manufacturer’s protocol, and
digestion of DNA contamination was performed by using
DNase I according to the manufacturer’s protocol (Sigma
Aldrich, St. Louis, MO, USA). RNA quantity and quality
were controlled by spectrophotometric analysis and gel
electrophoresis. A reverse transcription was performed by
using the High Capacity cDNA Reverse Transcription Kit
according to the manufacturer’s protocol (Thermo Fisher
Scientific). Quantitative PCR was performed on an ABI
PRISM 7500 apparatus using the commercially available
TaqMan Gene Expression Assays: Vamp1 (Rn00565308_m1),
Vamp2 (Rn00360268_g1), Syp (Rn01528256_m1),
Syn1 (Rn00569468_m1), Syt1 (Rn 00436862_m1),
mt-Nd1 (Rn03296764_s1), Sdha (Rn00590475_m1),
mt-Cyb (Rn03296746_s1), mt-Co1 (Rn03296721_s1),
Sod1 (Rn00566938_m1), Sod2 (Rn00566942_g1),
Ifng (Rn00594078_m1), Il6 (Rn01410330_m1), Il1b
(Rn00580432_m1), Tnf (Rn99999017_m1), Chi3l1
(Rn01490608_m1), Mrc1 (Rn01487342_m1), Il10
(Rn99999012_m1), Cd86 (Rn00571654_m1), Fcgr1a
(Rn01762682_m1), Tgfb1 (Rn00572010_m1), Sphk1
(Rn00591307_m1), and Actb (Rn00667869_m1) as the reference
gene, according to the manufacturer’s instructions (Thermo
Fisher Scientific). The relative levels of mRNA were calculated by
using the 11Ct method.

Determination of Protein Level
Concentration of proteins in samples was determined using
the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific)

according to the manufacturer’s instructions, with BSA as a
standard. Each measurement was performed on a microplate
reader Multiscan GO (Thermo Scientific) in duplicate at
562 nm absorbance.

Statistical Analysis
The results were expressed as mean values ± S.E.M. In all
analyses, each data-point is from separate animal. The normality
and equality of group variances were tested by a Shapiro–Wilk
test. Differences between means were analysed using unpaired
Student’s t-test. Level of statistical significance was set at p< 0.05.
The statistical analyses were performed using Graph Pad Prism
version 6.0 (Graph Pad Software, San Diego, CA).

RESULTS

MIA Stimulates an Increase of
Inflammatory Markers in Foetuses and
Placenta
Our model of MIA in rats involved the use of LPS applied
to pregnant dams at GD9.5. An LPS dose of 100 µg/kg b.w.
was shown previously to induce a short-term rise of oxidative
stress and pro-inflammatory cytokines in the brain and blood
of adult female rats (Dominiak et al., 2017). LPS evoked in
foetuses and placenta an increase in the expression of some
inflammation-related genes as well as an increase in the level of
Iba1-a marker of microglia (Supplementary Figure 1). Transient
sickness behaviour, including changes in water intake and
body temperature, was also observed in LPS-injected dams
(Cieślik et al., 2020).

MIA Induces Ultrastructural Changes in the
Hippocampus of Rat Offspring
It was observed that LPS-evoked MIA induced significant
alterations in the brains (cornu ammonis subregions CA2
and CA3) of adolescent offspring rats. The TEM analysis of
hippocampi of control rats showed unchanged ultrastructure of
synapses, synaptic vesicles (SVs), and mitochondria (Figure 1A).
Visible synapses had the proper distribution of SVs in the
cytoplasm. The synaptic cleft was narrow and the postsynaptic
density (PSD) was prominent and clearly stained. The nerve
endings did not reveal the features of the swelling. However,
the images of the brain tissue of rats prenatally exposed to
LPS clearly demonstrated ultrastructural changes in synapses
(Figures 1B–G). Diminished packing density of SVs in the
presynaptic area (Figure 1B) as well as blurred and thickened
structure of the synaptic cleft (arrows on Figures 1B–D)
were observed in MIA animals. Moreover, disturbed synaptic
membrane with free SVs (Figure 1G), swollen mitochondria
(Figure 1B), swollen endoplasmic reticulum (arrowheads on
Figure 1E) and multivesicular bodies (MVBs) were present in
the examined structure (Figure 1F). Pathological changes were
limited to nerve endings.

Quantitative analysis of microphotographs confirmed
ultrastructural changes in synapses. The average size of the
synaptic cleft was increased in MIA-affected offspring, as
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FIGURE 1 | Ultrastructure of neuronal cells in the hippocampi of control and MIA-affected offspring. LPS (100 µg/kg b.w.) was injected intraperitoneally at gestation

day 9.5 to female rats. Ultrastructure of male offspring’s hippocampi was analysed at day 52. (A) Control group. Ultrastructurally unchanged neuronal cells, unaltered

(Continued)
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FIGURE 1 | structure of neuropil, well-defined structure of synapses with accurate post-synaptic density (PSD) and correct distribution of synaptic vesicles (SVs),

well-preserved mitochondria (M). (B–G) MIA-exposed group. Neural cells and neuropil with features of swelling are observed. Reduced packing density of SVs in

presynaptic area (B), blurred and thickened structure of synaptic cleft (arrows) (B–D), disturbed synaptic membrane with free SVs (G), swollen mitochondria (B),

swollen endoplasmic reticulum (arrowheads on E) and multi-vascular bodies (MVBs) (F). Representative pictures are presented.

FIGURE 2 | Quantitative analysis of ultrastructural alterations of the synapse in adolescent male rats exposed prenatally to maternal immune activation. LPS (100

µg/kg b.w.) was injected intraperitoneally at gestation day 9.5 to female rats. Ultrastructure of male offspring’s hippocampi was analyzed at day 52. Quantitative

analysis of (A) size of synaptic cleft (n = 7 in control and 3 in MIA group), (B) diameter (n = 3 in both groups), and (C) number of synaptic vesicles (n = 5 and 3) was

performed. *p < 0.05, compared with the control group.

compared to control animals (Figure 2A). However, diameter of
SVs and the number of SVs were not changed (Figures 2B,C).
These data indicate that synaptic organisation is changed in
MIA-affected offspring, suggesting that synaptic function may
be affected. Our previous studies demonstrated that stress
evoked by environmental factors such as LPS-evoked systemic
inflammation or perinatal exposure to lead (Pb) or LPS induces
ultrastructural and molecular alterations in synapses of rat
offspring (Czapski et al., 2007, 2010; Ga̧ssowska et al., 2016b;
Cieślik et al., 2020). It was also shown that neuroinflammatory
processes in young septic rats may decrease the level of
synaptophysin and change the structure of cortical synapses
(Han et al., 2017).

MIA Alters Expression, Level and
Phosphorylation of Pre- and Post-Synaptic
Proteins in the Hippocampus of Rat
Offspring
To evaluate if morphological alterations of synapses in
hippocampi of MIA-affected offspring may be related to
changes of synaptic proteins, quantitative analysis of the

mRNA level, and semi-quantitative analysis of the level of
selected pre- and post-synaptic proteins was performed. As
shown in Figure 3A, the hippocampal expression of some
genes coding synaptic proteins was changed in MIA offspring
rats. The level of mRNA for synaptophysin (Syp), synapsin
(Syn1), synaptotagmin (Syt1), and VAMP2 (Vamp2) was not
changed; however, the mRNA level for PSD-95 (Dlg4) and
VAMP1 (Vamp1) was reduced. Additionally, protein level and
phosphorylation were altered by MIA (Figures 3B,C). The level
of both synaptophysin and synapsin, as well as phosphorylated
form of synapsin (Ser62/67), was significantly increased. Analysis
of the postsynaptic protein PSD-95 revealed that in MIA-
affected offspring, the level of this protein was reduced.
Likewise, the anti-VAMP1/2 immunoreactivity was decreased.
The protein levels of synaptotagmin, syntaxin-1, and SNAP-25
(Supplementary Figure 2A) were not changed.

MIA Alters Level and Phosphorylation of
MAPT and MAPT-Related Kinases in the
Hippocampus of Rat Offspring
Recent studies demonstrated that presynaptic dysfunction may
be evoked by deregulation of MAPT (Moreno et al., 2016; Zhou
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FIGURE 3 | Maternal immune activation alters the expression, level, and phosphorylation of synaptic proteins in hippocampi of adolescent male rats. LPS (100 µg/kg

b.w.) was injected intraperitoneally at gestation day 9.5 to female rats. Offspring male rats at day 52 were decapitated, and the hippocampi were collected. (A) The

level of mRNA for synaptophysin (Syp; n = 5), synapsin (Syn1; n = 5), PSD-95 (Dlg4; n = 4), synaptotagmin (Syt1; n = 5), synaptobrevins/VAMPs (Vamp1; n = 4;

Vamp2; n = 4 and 5). The level of mRNA was measured by real-time PCR and calculated by the 11Ct method with Actb as a reference gene. (B) The level of

(Continued)
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FIGURE 3 | immunoreactivity of synaptophysin (n = 4), synapsin (n = 3 and 4) and phospho-synapsin (Ser62/Ser67) (n = 5 and 4), PSD-95 (n = 5), synaptotagmin (n

= 4), and synaptobrevin/VAMP1/2 (n = 8 and 7). Densitometric analysis was performed using normalisation to immunoreactivity of GAPDH. (C) Representative

immunoblots including GAPDH as a loading control. Each sample presented on representative pictures is from separate animal. Immunoblots for

synaptobrevin/VAMP1/2 show non-adjacent bands from the same blot without any additional manipulation. Vertical black lines show position of deleted area, which

contained unrelated experimental group. *p < 0.05, **p < 0.01, compared with the control group.

et al., 2017). As demonstrated in Figure 4A, the total level of
MAPT was not changed in the hippocampi of MIA-affected
offspring. Similarly, phosphorylation at Ser416 was not altered.
However, phosphorylation of MAPT at Ser199/202 and Ser396
was significantly reduced.

Both Ser199/202 and Ser396 on MAPT are phosphorylated
by glycogen synthase kinase 3β (Gsk-3β) and cyclin-dependent
kinase 5 (Cdk5); therefore, reduced phosphorylation of MAPT
may be an indication of reduced activity of these kinases.
However, reduced phosphorylation may be also a consequence
of enhanced dephosphorylation evoked by oxidative stress and
catalysed by protein phosphatase 1 (PP1) (Zambrano et al., 2004;
Szatmari et al., 2005; Hernandez et al., 2010). To cheque these
possibilities, we first analysed the level and phosphorylation of
Gsk-3β on Ser9 and Ser 389, which are molecular marks of
deactivation of Gsk-3β (Thornton et al., 2008). In accordance
with changes in phosphorylation of MAPT, phosphorylation of
Ser9 was significantly increased, which indicates that the activity
of this kinase is suppressed, even if total level of Gsk-3β was not
changed (Figure 4B). Phosphorylation of Gsk-3β at Ser389 was
not changed (Figure 4B).

Cdk5 is a serine-threonine kinase that is directly responsible
for phosphorylation ofMAPT and indirectly for phosphorylation
of Gsk-3β (Czapski et al., 2016). To achieve catalytic activity,
Cdk5 must bind its regulatory protein p35. In stress conditions,
p35 may be cleaved by calcium-dependent calpains, leading to
formation of p25, capable of overactivation, and mislocalization
of Cdk5. The levels of Cdk5 and p35 were unaltered in MIA-
affected offspring; however, the level of p25 was increased
(Figure 4C), suggesting that activity of Cdk5 increased. The
enhanced activity of Cdk5 suggests that it cannot be responsible
for hypophosphorylation of MAPT. However, Cdk5 can also
indirectly evoke phosphorylation of Gsk-3β on Ser9, reducing
Gsk-3β’s activity as a tau kinase. Gsk-3β kinase activity is
also negatively regulated by the p38 MAPK. Therefore, we
analysed phosphorylation of p38 at the regulatory activation
site (Thr180/Tyr182) (Raingeaud et al., 1995). In accordance
with data showing unchanged immunoreactivity of phospho-
Gsk-3β (Ser389), phosphorylation of p38 at Thr180/Tyr182
was not increased, indicating that p38 cannot be responsible
for phosphorylation and inactivation of Gsk-3β (Figure 4D).
Overall, these data suggest that hypophosphorylation of MAPT
might be linked to Cdk5-dependent inhibition of Gsk-3β.

MIA Induces Oxidative Stress in the
Hippocampus of Rat Offspring
Because the previous study demonstrated that Cdk5-dependent,
I-2/PP1-mediated dephosphorylation of MAPT in neuronal cells
may by induced by oxidative stress (Zambrano et al., 2004),

our next goal was to analyse whether oxidative stress is present
in MIA-affected offspring. As shown in Figure 5A, total level
of glutathione, the major antioxidant in the brain, was lowered
in MIA-affected offspring. Moreover, the reduced/oxidised
glutathione ratio was decreased (Figure 5B), indicating enhanced
generation of ROS. For additional confirmation of oxidative
stress, analysis of DCF fluorescence in hippocampal tissue
homogenate was performed. This fluorogenic probe is oxidised
by a wide range of ROS; therefore, it is used as a general
measure of ROS formation and oxidative stress. As shown in
Figure 5C, fluorescence of oxidised DCF in homogenate of
hippocampal tissue from MIA offspring is about 40% higher
than from control rats. The formation of free radicals and other
reactive species is a significant event in numerous pathological
conditions of CNS. In brains of MIA-affected offspring, the most
probable sources of ROS are impaired mitochondria or cytotoxic
mechanisms related to activated immune system (Sheng et al.,
2013; Yui et al., 2015; Bjorklund et al., 2016). Increased
accumulation of p25 (Figure 4C) proves calpain activation and
Ca2+ dysregulation, which could suggest activation of microglia
(Hoffmann et al., 2003). The main ROS produced by activated
“cytotoxic” microglia are superoxide radicals O·−

2 (generated
mostly by NADPH oxidase) and nitric oxide NO· (generated
by inducible nitric oxide synthase). These two free radicals may
form highly reactive oxidant–peroxynitrite (ONOO−), which
is responsible for damaging invading bacteria but also may
contribute to damage of own cells. The marker of peroxynitrite
formation, and therefore the proof of activation of cytotoxic
phenotype of microglia, is formation of nitrotyrosine. Our
results demonstrate that the level of nitrotyrosine is not changed
in the hippocampi of MIA-affected offspring (Figure 5D),
suggesting that oxidative stress might be not evoked by cytotoxic
mechanisms of activated microglia.

MIA Does Not Activate Cytotoxic Microglia
in the Hippocampus of Rat Offspring
For additional evaluation of the status of glial cells, we analysed
two markers specific for microglia (Iba1) and astrocytes (s100β).
We found that immunoreactivity of both Iba1 and s100β
was elevated in the hippocampi of MIA-affected offspring
(Figures 6A,B). To cheque if the enhanced level of Iba1 is the
effect of activation or increased density of microglia, we analysed
markers of microglial activation. In our experimental conditions,
immunoreactivity of iNOS, the marker of M1, was not changed,
but immunoreactivity of arginase, the marker of M2, was
increased (Figures 6A,B). For deeper insight into the nature of
neuroinflammatory processes in the hippocampus, the protein
levels of pro- and anti-inflammatory cytokines in hippocampal
tissue extract were evaluated by using immunoassay. Among
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FIGURE 4 | Maternal immune activation induces alteration of phosphorylation level of MAPT, Gsk-3β, Cdk5, p35/p25, and p38 in hippocampi of adolescent male

rats. LPS (100 µg/kg b.w.) was injected intraperitoneally at gestation day 9.5 to female rats. Offspring male rats at day 52 were decapitated, and the hippocampi were

(Continued)
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FIGURE 4 | collected. (A) Densitometric analysis of total MAPT (n = 4), phospho-MAPT (Ser416) (n = 5), phospho-MAPT (Ser199/202) (n = 4 and 5),

phospho-MAPT (Ser396) (n = 4). (B) Densitometric analysis of Gsk-3β (n = 4 and 5), phospho-Gsk-3β (Ser9) (n = 4), and phospho-Gsk-3β (Ser389) (n = 5).

(C) Densitometric analysis of Cdk5 (n = 6) and p35/p25 (n = 6). (D) Densitometric analysis of p38 (n = 9) and phospho-p38 (Thr180/Tyr182) (n = 9). Data were

normalised to GAPDH immunoreactivity. Representative immunoblots are presented, including GAPDH as a loading control. Each sample presented on representative

pictures is from separate animal. *p < 0.05, **p < 0.01, compared with the control group.

tested cytokines (EPO, G-CSF, GM-CSF, GRO/KC, IFN-γ, IL-
1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p40, IL-
12p70, IL-13, IL-17A, IL-18, MCP-1, M-CSF, MIP-1α, MIP-2,
MIP-3α, RANTES, TNF-α, VEGF), only the level of IFN-γ was
increased in MIA rats (Figure 6C, Supplementary Figure 3). In
the next step, additional analysis of genetic markers of microglial
activation was performed for detailed exploration of phenotype
polarisation in the hippocampus (Sudduth et al., 2013). As shown
in Figure 7, the only increase in mRNA level was observed for
anti-inflammatory interleukin-10 (marker of phenotype M2a),
whereas expression of genes for other phenotypemarkers was not
enhanced. We also performed immunohistochemical analysis
of proteins which are commonly recognised as markers of
activation of microglia and astrocytes. As shown in Figures 8, 9,
immunostaining of activation markers IL-1β and arginase-1
was not increased in microglia nor in astrocytes. These results
exclude microglial iNOS as a notable source of ROS in the
MIA-exposed rats.

MIA Evokes Impairment of Mitochondrial
Function in the Hippocampus of Rat
Offspring
The second likely source of ROS is mitochondrial dysfunction
including electron transport chain (ETC) dysregulation (Hollis
et al., 2017; Roberts, 2017; Joshi andMochly-Rosen, 2018; Pei and
Wallace, 2018). This hypothesis was supported and confirmed
by analysis of mitochondrial ETC complexes. The levels of
mRNA for mt-Nd1 and mt-Co1 genes (mitochondrially encoded
subunits of complex I and IV, respectively) are reduced in
MIA-affected offspring (Figure 10A). The expression of Sdha
and mt-Cytb (subunits of complexes II and III, respectively)
was not changed. To evaluate if these alterations impact
protein level, immunoreactivity of ND1 and COX1 proteins
in the hippocampus was analysed. As shown in Figure 10B,
the immunoreactivity of ND1 is reduced in animals prenatally
exposed to MIA, but we did not detect changes in the level of
COX1. Then, the activity of respiratory complexes was measured
using the kinetic spectrophotometric method. Based on the above
data, we focused on complexes I and IV. As shown in Figure 10C,
activity of complex I was reduced in the hippocampal tissue
of MIA-affected offspring, but activity of complex IV was not
altered. Finally, by using fluorescent probe JC-1, we analysed
the mitochondrial membrane potential (MMP) in mitochondria
isolated from hippocampal tissue (Figure 10D). Presented data
clearly indicate a significant drop of MMP, suggesting severe
impairment of mitochondrial function.

An alternative basis for oxidative stress might be weakening
of antioxidative defence. The major enzymatic mechanism

of antioxidative defence in mitochondria is Mn-superoxide
dismutase (Sod2), but the presence of some fraction of
Cu, Zn-Sod (Sod1) in mitochondria was also reported. Our
results demonstrated that the level of mRNA for both Sod1
and Sod2 was attenuated in the hippocampi of MIA-affected
offspring (Figure 11).

DISCUSSION

In our recent study we demonstrated prolonged effects of MIA
on neurobiological and behavioural parameters in offspring
(Cieślik et al., 2020). Adolescent MIA offspring showed elevated
blood cytokine levels, microglial activation, increased pro-
inflammatory cytokines expression, and increased oxidative
stress in the cerebral cortex. MIA-induced long-term changes
in synaptic structure and pre-/post-synaptic proteins’ levels. It
was suggested that these changes could contribute to impairment
of neuronal function and, in consequence, to behavioural
abnormalities typical for ASD, i.e., alterations in social behaviour
and communication.

In the current study, we focused on the hippocampus, which
also was shown previously to be sensitive to inflammatory insults
in both early pregnant and adult life, which may be a part of the
pathogenesis of neurodevelopmental disorders including autism
(Semmler et al., 2005; Makinodan et al., 2008; Czapski et al., 2010,
2013; Ito et al., 2010; Cavalier et al., 2019). Our study was aimed at
evaluating the MIA-evoked molecular mechanism contributing
to synaptic alterations in the hippocampi of offspring.

Our results demonstrated the changes in mitochondrial
function in the hippocampi of MIA-affected offspring. The
reduced expression of genes for the mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 1 (mt-Nd1) and
cytochrome C oxidase I (mt-Co1), reduced level of protein ND1,
reduced activity of respiratory complex I, and reduced MMP
pointed to impaired mitochondria as a probable source of ROS.
However, electron-microscopic analysis showed morphological
alterations only in synaptic mitochondria; mitochondria located
elsewhere in neurons or in other cell types were not changed.
Obviously, sub-population of synaptic mitochondria is relatively
small; therefore, it cannot be responsible for significant changes
of MMP or complex I activity (Figure 8). Our data indicated
that a significant population of mitochondria is affected in MIA
hippocampus; however, swelling occurred specifically in sub-
population of synaptic mitochondria. We speculate that the
reason of specific synaptic swelling of mitochondria could be
higher susceptibility of synaptic mitochondria to stress and/or
additional synapse-specific factors enhancing stress in synapses
(Fedorovich et al., 2017).
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FIGURE 5 | Maternal immune activation evokes oxidative stress in hippocampi of adolescent male rats. LPS (100 µg/kg b.w.) was injected intraperitoneally at

gestation day 9.5 to female rats. Offspring male rats at day 52 were decapitated, the hippocampi were collected and the level of total glutathione, oxidised glutathione

(Continued)
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FIGURE 5 | (GSSG), and reduced glutathione (GSH) was measured. (A) Total glutathione (n = 7). (B) The oxidised/reduced glutathione ratio (n = 6). (C) ROS level in

tissue homogenate (n = 8). (D) Representative immunoblots of nitrotyrosine, including GAPDH as a loading control. Each sample presented on representative pictures

is from separate animal. Densitometric analysis was performed using normalisation to immunoreactivity of GAPDH. *p < 0.05, **p < 0.01, ***p < 0.001, compared

with the control group.

The growing body of evidence indicates the special features
of synaptic mitochondria. They suffer alterations during brain
ageing and during the pathogenesis of neurodegenerative
disorders (Villa et al., 2006; Lores-Arnaiz and Bustamante,
2011; Lores-Arnaiz et al., 2016). Comparing to non-synaptic
mitochondria, they possess a special lipid and protein
composition (Lai et al., 1977; Rendon and Masmoudi, 1985;
Kiebish et al., 2008; Völgyi et al., 2015). Also, the size and activity
of crucial mitochondrial enzymes are different in synaptic
mitochondria (Kiebish et al., 2008; Fedorovich et al., 2017).
Another critical issue may be the cytosolic level of calcium
ions in synapses. Mitochondria are involved in calcium uptake
and storage. An important role of synaptic mitochondria is to
control the calcium level in order to prevent damage during
synaptic activity.

Among other factors which could contribute to enhanced
stress in synapses, signalling-related processes seem to be the
most intriguing. The brain which constitutes ca. 2% of human
body weight accounts for about 20% of oxygen consumption.
Neurons require huge amounts of ATP to perform functions
related to signalling. A significant part of the brain’s energy is
utilised on synaptic transmission, and the synaptic vesicle cycle is
the major consumer of ATP produced by synaptic mitochondria
(Harris et al., 2012; Rangaraju et al., 2014). A high level of
mitochondrial activity implies an increased ROS generation;
therefore, synaptic mitochondria are exposed to bigger oxidative
stress than non-synaptic mitochondria. Our research shows
much greater disturbance of synaptic mitochondria compared
to non-synaptic mitochondria and suggests that the function of
synaptic- and non-synaptic mitochondria should be investigated
in experimental models and in human ASD clinical studies.

Mitochondrial impairment and oxidative stress have been
implicated in neurodevelopmental and neuropsychiatric
disorders (Hollis et al., 2017; Roberts, 2017; Joshi and Mochly-
Rosen, 2018; Pei and Wallace, 2018). Importantly, valproic acid,
which is used as prenatal toxin in experimental models of autism,
also inhibits oxidative phosphorylation (OXPHOS) (Haas et al.,
1981). Moreover, analysis of transcriptome revealed that genes
related to mitochondrial function were expressed differently in
autism and schizophrenia, and they correlated with genes related
to synaptic function (Arion et al., 2015; Schwede et al., 2018).

The major sites of ROS production in the mitochondrial ETC
are complex I and complex III. In our study, we observed a
reduced level of mitochondrially encoded mRNA for the mt-
Nd1 gene, followed by a reduced level of NADH:ubiquinone
oxidoreductase core subunit 1 (ND1) protein and reduced
activity of complex I. Of course, it cannot be excluded that other
subunits of complex I could also be affected in the hippocampi
of MIA-affected offspring. Altogether, our data suggest that
impairment of complex I may be responsible for generation of

ROS and may contribute to synaptic dysfunction in animals
prenatally exposed to MIA. Our results also indicated that the
mRNA level for mt-Co1 decreased, but neither the protein level
of COX1 nor the activity of complex IV changed. Interestingly,
the level of mRNA for mt-Co1 may be specifically regulated by
miRNA-181c (Das et al., 2014). Elevated levels of miRNA-181c
were shown previously in a valproic acid rat model of autism, as
well as in lymphoblasts from ASD patients (Ghahramani Seno
et al., 2011; Olde Loohuis et al., 2015). A recent study by Kos
and co-workers demonstrated that miRNA-181c regulates spine
size and density and affects axonal length (Kos et al., 2016).
A binding site for miRNA-181c is also present in Sod1 and
Sod2 genes; therefore, increased expression ofmiRNA-181c could
hypothetically be responsible for deficiency of Sod1 and Sod2,
leading to weakening of antioxidative defence and contributing
to oxidative stress (Sticht et al., 2018). However, the complete role
of miRNA-181c in the pathomechanism of neurodevelopmental
diseases needs further examination (Supplementary Figure 4).

Alternative sources of ROS in the eukaryotic cell could
be enzymatic or non-enzymatic reactions occurring in the
cytoplasm, lysosomes, peroxisomes, endoplasmic reticulum, or
cellular membranes. In our study we focused on cytotoxic
mechanisms related to overactive neuroinflammatory signalling
which can significantly contribute to elevated ROS levels. Recent
findings highlight the role of microglia in the pathomechanism
of neurodevelopmental diseases (Takano, 2015; Bergdolt and
Dunaevsky, 2019). Our previous study demonstrated that
adolescent MIA-offspring showed elevated blood cytokine levels
(Cieślik et al., 2020). Moreover, opposite to hippocampus,
microglial activation, increased pro-inflammatory cytokines
expression, and increased oxidative stress was observed in in
the cerebral cortex of adolescent MIA rats (Cieślik et al., 2020).
In our analysis of cytokines, the correlation between transcript
abundances and protein abundances was weak, which may be
explained by a strong regulatory role for processes downstream
of transcription (Vogel and Marcotte, 2012). In the case of
IFN-γ, an alternative explanation is the impairment of the
blood-brain barrier, enabling infiltration of peripheral IFN-γ
into the brain (Asakawa and Matsushita, 1980; Simoes et al.,
2018) or accelerated transport from blood (Pan et al., 1997).
Our results suggest that LPS-induced MIA evokes long-lasting
changes in microglia density but not in M1 activation status in
the hippocampi of offspring. Only an increase in expression of
arginase and IL-10may indicate activation of theM2a phenotype.

Our results suggest that density, but not cytotoxic activation
state of microglia, is changed in MIA-affected offspring.
The results of previous studies on microglial activation in
rodent MIA models are contradictory. Some studies showed
an increase in density and others in activation, and there
are also results indicating that microglia is not altered in
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FIGURE 6 | Maternal immune activation stimulates an increase of inflammatory markers in hippocampi of adolescent male rats. LPS (100 µg/kg b.w.) was injected

intraperitoneally at gestation day 9.5 to female rats. Offspring male rats at day 52 were decapitated, and the hippocampi were collected. (A) Densitometric analysis of

immunoreactivity of Iba1 (n = 3 and 4), s100β (n = 5 and 4), arginase (n = 5 and 4), and iNOS (n = 3 and 4). Data were normalised to GAPDH immunoreactivity.

(B) Representative immunoblots of Iba1, s100β arginase and iNOS, including GAPDH as a loading control. Each sample presented on representative pictures is from

separate animal. (C) The level of IFN-γ in hippocampal extract, as determined using the Bio-Plex Pro Rat Cytokine 23-Plex Assay on Luminex Bio-Plex 200 system (n

= 7). *p < 0.05, **p < 0.01, compared with the control group.

MIA-affected offspring (Juckel et al., 2011; van Den Eynde
et al., 2014; Giovanoli et al., 2016). The effect was also
age- and brain structure-specific. However, it is likely that
sensitivity of offspring to secondary insults in adult life

(stress or inflammation) may be increased (Giovanoli et al.,
2013).

Biomarkers of oxidative stress and antioxidant defence
in the plasma and brain were shown to be altered in
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FIGURE 7 | Maternal immune activation alters the expression of markers of microglial activation in hippocampi of adolescent male rats. LPS (100 µg/kg b.w.) was

injected intraperitoneally at gestation day 9.5 to female rats. Offspring male rats at day 52 were decapitated, and the hippocampi were collected. The level of mRNA

was measured by real-time PCR and calculated by the 11Ct method with Actb as a reference gene. *p < 0.05, compared with the control group (n = 5).

schizophrenia, ASD, and other neurodevelopmental disorders
(Smaga et al., 2015). Additionally, our data demonstrated
oxidative stress in the hippocampi of MIA-affected offspring.
Several studies showed impairment of glutathione system in
ASD brain (Bjørklund et al., 2020). It was suggested that
significant decrease in the level of cysteine, as the rate-limiting
amino acid for glutathione synthesis, may be responsible for
impairment of glutathione system and, in consequence, for
oxidative stress and mitochondrial dysfunction (James et al.,
2006). Alterations of glutathione system and DCF oxidation,
which were presented above (Figure 5), indicate oxidative
stress in the brain. The consequence of enhanced generation
of ROS is oxidative damage to DNA, proteins and lipids,
but also modification of several signalling cascades in the
cell. Increasing evidence also indicates cross-talk between
ROS and calcium homeostasis in the cell (Gorlach et al.,
2015). ROS increase cytosolic calcium level, and on the other
hand, calcium overload increases ROS generation. Interestingly,
mitochondria are at a crossroads of ROS generation and calcium
homeostasis; therefore, their impairment may be considered a
crucial node of MIA-evoked changes. Additionally, swelling of
endoplasmic reticulum, as was shown in electron microscopic
analysis, supports the assumption that calcium homeostasis
is dysregulated.

Previous studies demonstrated that oxidative stress affects
activity of Cdk5 (Lee et al., 2000, 2008; Shea et al., 2004). The
mechanism of calcium- and calpain-dependent overactivation
of Cdk5 in the brain was observed in neurodegenerative
diseases (Wilkaniec et al., 2016), but also during chronic
stress (Bavley et al., 2017) and after perinatal exposure to Pb
(Ga̧ssowska et al., 2016a). Moreover, the specific mechanism
linking overactivation of Cdk5 to hypophosphorylation of
MAPT in neuronal cells exposed to oxidative stress was
described previously (Zambrano et al., 2004). Oxidative stress-
activated Cdk5 executed phosphorylation of I-2 (PP1 inhibitor-
2), relieving its inhibitory effect on PP1 (protein phosphatase 1)
and leading in consequence to enhanced dephosphorylation of
MAPT. Cdk5 is critically important in governing development
of the CNS. It controls both neuronal migration and synaptic
formation and function. Therefore, dysregulation of its activity
might potentially contribute to biochemical and morphological
alterations in neurodevelopmental diseases (Lai and Ip, 2015;
Ohshima, 2015).

An increased level of p25 protein that is liberated by
calcium-activated calpains indicates cytosolic calcium increase
and overactivation of Cdk5. Although contribution of the I-
2/PP1 pathway cannot be completely excluded, our results
suggest that in MIA-affected offspring, other mechanisms may
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FIGURE 8 | Effect of maternal immune activation on activation of microglia a in hippocampi of adolescent male rats. Immunohistochemical analysis illustrating

microglia cells (Iba-1- red) in control and MIA-exposed groups in CA (A) and GD (B) regions of the hippocampus. No co-expression of activation markers, IL-1β

(green) and arginase-1 (green), with Iba1-positive cells has been observed. The nuclei were counterstained with DAPI (blue). Scale bar = 50µm.
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FIGURE 9 | Effect of maternal immune activation on activation of astrocytes in hippocampi of adolescent male rats. Immunohistochemical analysis illustrating

astrocytes (GFAP—red) in control and MIA-exposed groups in CA (A) and GD (B) regions of the hippocampus. No co-expression of activation markers, IL-1β (green)

and arginase-1 (green), with GFAP-positive cells has been observed. The nuclei were counterstained with DAPI (blue). Scale bar = 50µm.
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Cieślik et al. Synaptic Dysregulation in MIA Model

FIGURE 10 | Maternal immune activation alters mitochondrial membrane potential and the expression and level of mitochondrial electron transport chain complexes

in hippocampi of adolescent male rats. LPS (100 µg/kg b.w.) was injected intraperitoneally at gestation day 9.5 to female rats. Offspring male rats at day 52 were

(Continued)
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FIGURE 10 | decapitated, and the hippocampi were collected. (A) The level of mRNA for mt-Nd1 (n = 5 and 3), Sdha (n = 4), mt-Cytb (n = 5 and 4), and mt-Co1 (n

= 5) was measured by real-time PCR and calculated by the 11Ct method with Actb as a reference gene. (B) The level of proteins was analysed by the Western blot

method. Densitometric analysis of ND1 (n = 7) and COX1 (n = 7 and 6) was performed using normalisation to immunoreactivity of GAPDH. Representative

immunoblots, including GAPDH as a loading control, are presented. Each sample presented on representative pictures is from separate animal. (C) Activity of

respiratory complexes I (n = 7 and 8) and IV (n = 8 and 7) was measured using the kinetic spectrophotometric method. (D) Mitochondrial membrane potential was

determined by the fluorometric method using JC-1 (n = 3 and 8). *p < 0.05, **p < 0.01, compared with the control group.

FIGURE 11 | Maternal immune activation alters the expression of genes for

superoxide dismutase 1 and 2 in hippocampus of adolescent male rats. LPS

(100 µg/kg b.w.) was injected intraperitoneally at gestation day 9.5 to female

rats. Offspring male rats at day 52 were decapitated, and the hippocampi

were collected. The level of mRNA for Sod1 (n = 4 and 5) and Sod2 (n = 4

and 5) was measured by real-time PCR and calculated by the 11Ct method

with Actb as a reference gene. *p < 0.05, compared with the control group.

be principal. The enhanced activity of Cdk5 does not evoke
hyperphosphorylation of MAPT, but it may be responsible
for phosphorylation of the major tau kinase Gsk-3β on Ser9,
its inhibition and, in consequence, hypophosphorylation of
MAPT. In accordance, as demonstrated above, phosphorylation
at Ser199/202 and Ser396 on MAPT was significantly reduced.

The previous data show that MAPT is involved in regulation
of synaptic function (Regan et al., 2015; Suzuki and Kimura,
2017; Babur et al., 2019). MAPT is an important protein that
binds to microtubules, stabilises them and hence regulates the
function of themicrotubule-based cytoskeleton. Phosphorylation
is involved in intra-axonal sorting of MAPT. Phosphorylated
MAPT was localised in soma and dephosphorylated in a
growth cone (Mandell and Banker, 1996). Moreover, synaptic
activation also evokes phosphorylation-related translocation of
MAPT to the synaptic compartment (Frandemiche et al., 2014).
However, contrary to axons, only a small amount of MAPT was
found in synaptic endings (Mondragon-Rodriguez et al., 2012),
where it may interact with several cellular partners (tubulin,
F-actin, Src family kinases) and mediate alterations in the
structure of synapses (Sotiropoulos et al., 2017). Recent studies
demonstrated that MAPT is a binding partner of synapsin

(Stefanoska et al., 2018), and dysregulation of MAPT may
impact SV mobility and release rate (Moreno et al., 2016; Zhou
et al., 2017). The most commonly observed disadvantageous
alteration of MAPT in neurons is hyperphosphorylation,
which occurs in many pathological conditions, including
neurodegenerative disorders, traumatic brain injury, ischemia,
epilepsy, and environmental stress (Sotiropoulos et al., 2017).
Hyperphosphorylated MAPT dissociates from microtubules,
leading to impairment of the cytoskeleton’s function and axonal
transport. However, Rodriguez-Martin et al. demonstrated that
reduced phosphorylation of MAPTmay be linked to impairment
of transport along the axon and to a decrease in the number of
axonal mitochondria. Therefore, it may lead to dysregulation
of mitochondrial activity (Rodriguez-Martin et al., 2016).
Moreover, Erin Schuman’s group showed recently that dendritic
mitochondria exist as compartments which are fastened
by cytoskeletal tethering (Rangaraju et al., 2019). Because
local synthesis of synaptic proteins requires mitochondria-
delivered energy, we can expect that disruption of the synaptic
cytoskeleton due to impairment of MAPT could affect local
synthesis of proteins in synapses, leading in consequence to
changes of synaptic structure and function. In accordance,
our electron microscopic analysis of mitochondria revealed
morphological alterations in nerve endings. Interestingly,
mitochondrial and bioenergetic abnormalities were observed
in patients with ASD and schizophrenia (Palmieri and Persico,
2010; Sullivan et al., 2018). However, the connexion between
MIA-evoked MAPT impairment and mitochondrial dysfunction
needs further evaluation.

Another important consequence of dysregulation of MAPT-
related processes may be dysfunction of synaptic proteins.
MAPT knock-out mice develop the loss of hippocampal
excitatory synaptic proteins (Ma et al., 2014). Our TEM analysis
of hippocampi revealed important changes in the brains of
adolescent offspring rats subjected prenatally to LPS-evoked
MIA. These data clearly indicate that synaptic organisation is
changed. Moreover, we observed changes in expression and
level of synaptic proteins synaptophysin, synapsin, PSD-95, and
VAMP1/2. However, other synaptic proteins (syntaxin-1, SNAP-
25, and synaptotagmin) were not changed. The MAPT-mediated
mechanism responsible for alterations of synaptic protein levels
cannot explain alterations of mRNA levels for these proteins.

Synaptophysin is a transmembrane glycoprotein of
SVs. Gordon et al. demonstrated that small alterations in
synaptophysin level may affect targeting of synaptobrevin to
SVs and in consequence may result in decreased fidelity of
neurotransmission and synaptic dysfunction (Gordon et al.,
2016). Synaptic dysfunction, including changes of synaptic
proteins, was shown previously in rats after prenatal activation
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of the immune system in late gestation by administration of
PIC (Oh-Nishi et al., 2010; Forrest et al., 2012). However,
Oh-Nishi et al. observed a reduced level of synaptophysin in
the hippocampi of MIA-affected offspring (Oh-Nishi et al.,
2010). The difference, compared to our results, may be due
to a difference in experimental conditions, such as usage of
various immune stimulants (PIC vs. LPS) or induction of MIA
at various gestation time points (GD15-17 vs. GD9.5). It seems
that these factors may significantly alter the environment to
which the embryo is exposed, leading to various outcomes in the
adolescent brain (Smolders et al., 2018). The changes in the level
of synaptophysin did not correlate with changes in the number
of SVs; however, the function of SVs may be impaired.

Synapsins are abundant presynaptic proteins involved in
synaptogenesis and neuronal plasticity, and phosphorylation of
synapsins plays an important role in mediating the trafficking of
SVs. Phosphorylation of synapsin I at Ser62/67 by extracellular
signal-regulated kinase (ERK1/2) promotes its dissociation from
vesicles and, in consequence, dissociation of SVs from the actin
cytoskeleton, leading to their mobilisation from the reserve
pool to the release-ready pool (Chi et al., 2003). It was shown
that calcium regulates the activity of ERK, which could explain
the mechanism of increased phosphorylation of this kinase at
Ser62/67 (Chuderland and Seger, 2008).

Postsynaptic density protein 95 (PSD-95) encoded by the
DLG4 gene is almost exclusively located in the postsynaptic
density of neurons and is involved in anchoring synaptic
proteins; for example, it is involved in the recruitment and
stabilisation of glutamate receptors (Coley and Gao, 2018).
Reduced expression and level of PSD-95 coincided with changes
in the ultrastructure of the synaptic cleft, which was observed
through electronmicroscopic analysis, supporting the hypothesis
that dysregulation of PSD-95 has an overwhelming impact on
synaptic connectivity and activity (Coley and Gao, 2018). Even
if some mechanisms may compensate for the deficiency of PSD-
95 (Elias et al., 2006), a genetic association of theDLG4 gene with
autism and schizophrenia was demonstrated (Feyder et al., 2010;
Purcell et al., 2014).

We observed a lack of correlation between protein abundance
and mRNA expression levels, which is commonly reported in
many biological systems (Greenbaum et al., 2003). One can
only speculate on the reason. The first explanation of this
phenomenon is that various post-transcriptional mechanisms
involved in turning mRNA into protein may be affected in MIA-
affected offspring; second, proteins may significantly differ in
their half-lives, which is the result of synthesis and degradation.
Interestingly, alterations of protein synthesis and degradation are
observed in neurodevelopmental disorders. For example, in ASD,
increased synthesis and reduced degradation via autophagy were
observed as the result of overactivation of kinase mTOR (Santini
et al., 2013; Tang et al., 2014; Sato, 2016). Our preliminary
results demonstrated that due to enhanced phosphorylation,
activity of mTOR kinase may be increased in the hippocampi of
MIA-affected offspring, leading in consequence to impairment of
protein synthesis and degradation (Supplementary Figure 2B).

The limitation of our study, which should be avoided in
further research, is that the experiments were performed on male

young-adult offspring. The impact of gender on key MIA-evoked
changes presented in this study should be analysed in detail in
future research. Other unanswered question is, why functional
analysis of mitochondria indicated enormous pathology, whereas
electron microscopic analysis showed morphological changes
of mitochondria only within synapses. We suppose that even
if ultrastructural changes were limited to nerve endings, it
cannot be excluded that function of mitochondria is affected
also in other parts of neuronal cells, or even in other cell types.
Therefore, because of heterogeneity of mitochondrial population,
it would be reasonable to perform functional analysis on separate
mitochondrial populations: synaptic vs. non-synaptic. Moreover,
because the density of microglia seems to be increased in
MIA-offspring, it would be important for the future studies
to analyse biochemical/molecular processes and mitochondrial
function separately in various cell types, especially in microglial
cells. The future studies should also include analysis of the
physiological and functional neuronal changes, as a consequence
of the morphological and molecular alterations.

Overall, our results demonstrated the variety of molecular
alterations in the hippocampi of male adolescent rats exposed
to inflammatory insult during prenatal life. Despite the
hippocampus being especially sensitive to inflammatory
insults, it seems that inflammatory processes, including
microglial activation, are not increased. The impairment of
the mitochondrial function, enhanced generation of ROS,
activation of Cdk5 and inactivation of Gsk-3β followed by
hypophosphorylation of MAPT potentially could contribute to
dysregulation of synapses. However, we cannot rule out that these
pathological changes are secondary to synaptic dysfunction. Our
results, for the first time, clearly reveal that MIA in early gestation
contributes to aberration of the synaptic ultrastructure in the
hippocampi of adolescent offspring, which may be responsible
for disturbances in the cell signalling pathway, synaptic plasticity
and cognitive skills. While illuminating the complexity of
the interaction of immune response in MIA with oxidative
stress, mitochondria dysfunction and synapses condition in
the adolescent offspring brain, our results may be especially
important in revealing the currently under-emphasised influence
of maternal bacterial infection on the adolescent offspring
response to MIA.
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Wilkaniec, A., Zawadzka, A., et al. (2020). Maternal immune activation

induces neuroinflammation and cortical synaptic deficits in the

adolescent rat offspring. Int. J. Mol. Sci. 21:4097 doi: 10.3390/ijms211

14097

Coley, A. A., and Gao, W. J. (2018). PSD95: a synaptic protein implicated in

schizophrenia or autism? Prog. Neuropsychopharmacol. Biol. Psychiatry 82,

187–194. doi: 10.1016/j.pnpbp.2017.11.016

Czapski, G. A., Adamczyk, A., Strosznajder, R. P., and Strosznajder, J. B. (2013).

Expression and activity of PARP family members in the hippocampus during

systemic inflammation: their role in the regulation of prooxidative genes.

Neurochem. Int. 62, 664–673. doi: 10.1016/j.neuint.2013.01.020

Czapski, G. A., Cakala, M., Chalimoniuk, M., Gajkowska, B., and Strosznajder, J.

B. (2007). Role of nitric oxide in the brain during lipopolysaccharide-evoked

systemic inflammation. J. Neurosci. Res. 85, 1694–1703. doi: 10.1002/jnr.21294

Czapski, G. A., Gajkowska, B., and Strosznajder, J. B. (2010). Systemic

administration of lipopolysaccharide induces molecular and

morphological alterations in the hippocampus. Brain Res. 1356, 85–94.

doi: 10.1016/j.brainres.2010.07.096

Czapski, G. A., Gassowska, M., Wilkaniec, A., Chalimoniuk, M., Strosznajder, J.

B., and Adamczyk, A. (2016). The mechanisms regulating cyclin-dependent

kinase 5 in hippocampus during systemic inflammatory response: the

effect on inflammatory gene expression. Neurochem. Int. 93, 103–112.

doi: 10.1016/j.neuint.2016.01.005

Das, S., Bedja, D., Campbell, N., Dunkerly, B., Chenna, V., Maitra,

A., et al. (2014). miR-181c regulates the mitochondrial genome,

bioenergetics, and propensity for heart failure in vivo. PLoS ONE 9:e96820.

doi: 10.1371/journal.pone.0096820

Dominiak, A., Wilkaniec, A., Jesko, H., Czapski, G. A., Lenkiewicz, A. M., Kurek,

E., et al. (2017). Selol, an organic selenium donor, prevents lipopolysaccharide-

induced oxidative stress and inflammatory reaction in the rat brain.

Neurochem. Int. 108, 66–77. doi: 10.1016/j.neuint.2017.02.014

Elias, G. M., Funke, L., Stein, V., Grant, S. G., Bredt, D. S., and Nicoll, R. A.

(2006). Synapse-specific and developmentally regulated targeting of AMPA

receptors by a family of MAGUK scaffolding proteins. Neuron 52, 307–320.

doi: 10.1016/j.neuron.2006.09.012

Estes, M. L., and Mcallister, A. K. (2016). Maternal immune activation:

implications for neuropsychiatric disorders. Science 353, 772–777.

doi: 10.1126/science.aag3194

Fedorovich, S. V., Waseem, T. V., and Puchkova, L. V. (2017). Biogenetic

and morphofunctional heterogeneity of mitochondria: the case of synaptic

mitochondria. Rev. Neurosci. 28, 363–373. doi: 10.1515/revneuro-2016-0077

Feyder, M., Karlsson, R. M., Mathur, P., Lyman, M., Bock, R., Momenan,

R., et al. (2010). Association of mouse Dlg4 (PSD-95) gene deletion and

human DLG4 gene variation with phenotypes relevant to autism spectrum

disorders and Williams’ syndrome. Am. J. Psychiatry 167, 1508–1517.

doi: 10.1176/appi.ajp.2010.10040484

Forrest, C. M., Khalil, O. S., Pisar, M., Smith, R. A., Darlington, L. G.,

and Stone, T. W. (2012). Prenatal activation of Toll-like receptors-3 by

administration of the viral mimetic poly(I:C) changes synaptic proteins, N-

methyl-D-aspartate receptors and neurogenesis markers in offspring. Mol.

Brain 5:22. doi: 10.1186/1756-6606-5-22

Frandemiche, M. L., de Seranno, S., Rush, T., Borel, E., Elie, A., Arnal, I., et al.

(2014). Activity-dependent tau protein translocation to excitatory synapse is

disrupted by exposure to amyloid-beta oligomers. J. Neurosci. 34, 6084–6097.

doi: 10.1523/JNEUROSCI.4261-13.2014

Ga̧ssowska, M., Baranowska-Bosiacka, I., Moczydlowska, J., Frontczak-Baniewicz,

M., Gewartowska, M., Struzynska, L., et al. (2016b). Perinatal exposure to

lead (Pb) induces ultrastructural and molecular alterations in synapses of rat

offspring. Toxicology 373, 13–29. doi: 10.1016/j.tox.2016.10.014

Ga̧ssowska, M., Baranowska-Bosiacka, I., Moczydłowska, J., Tarnowski, M.,

Pilutin, A., Gutowska, I., et al. (2016a). Perinatal exposure to lead (Pb) promotes

Frontiers in Molecular Neuroscience | www.frontiersin.org 21 January 2021 | Volume 13 | Article 555290

https://www.frontiersin.org/articles/10.3389/fnmol.2020.555290/full#supplementary-material
https://doi.org/10.1038/mp.2014.171
https://doi.org/10.1007/BF02540959
https://doi.org/10.1007/s12031-018-1224-x
https://doi.org/10.1016/j.ynstr.2017.02.004
https://doi.org/10.1016/j.pneurobio.2018.12.002
https://doi.org/10.21307/ane-2017-025
https://doi.org/10.1016/j.freeradbiomed.2020.07.017
https://doi.org/10.1007/s11064-018-2476-0
https://doi.org/10.1016/S0896-6273(03)00151-X
https://doi.org/10.4161/cib.1.1.6107
https://doi.org/10.3390/ijms21114097
https://doi.org/10.1016/j.pnpbp.2017.11.016
https://doi.org/10.1016/j.neuint.2013.01.020
https://doi.org/10.1002/jnr.21294
https://doi.org/10.1016/j.brainres.2010.07.096
https://doi.org/10.1016/j.neuint.2016.01.005
https://doi.org/10.1371/journal.pone.0096820
https://doi.org/10.1016/j.neuint.2017.02.014
https://doi.org/10.1016/j.neuron.2006.09.012
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1515/revneuro-2016-0077
https://doi.org/10.1176/appi.ajp.2010.10040484
https://doi.org/10.1186/1756-6606-5-22
https://doi.org/10.1523/JNEUROSCI.4261-13.2014
https://doi.org/10.1016/j.tox.2016.10.014
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Cieślik et al. Synaptic Dysregulation in MIA Model

Tau phosphorylation in the rat brain in a GSK-3β and CDK5 dependent

manner: Relevance to neurological disorders. Toxicology 347–349, 17–28.

doi: 10.1016/j.tox.2016.03.002

Ghahramani Seno, M.M., Hu, P., Gwadry, F. G., Pinto, D., Marshall, C. R., Casallo,

G., et al. (2011). Gene and miRNA expression profiles in autism spectrum

disorders. Brain Res. 1380, 85–97. doi: 10.1016/j.brainres.2010.09.046

Giovanoli, S., Engler, H., Engler, A., Richetto, J., Voget, M., Willi, R., et al.

(2013). Stress in puberty unmasks latent neuropathological consequences

of prenatal immune activation in mice. Science 339, 1095–1099.

doi: 10.1126/science.1228261

Giovanoli, S., Weber-Stadlbauer, U., Schedlowski, M., Meyer, U., and Engler, H.

(2016). Prenatal immune activation causes hippocampal synaptic deficits in

the absence of overt microglia anomalies. Brain Behav. Immun. 55, 25–38.

doi: 10.1016/j.bbi.2015.09.015

Gordon, S. L., Harper, C. B., Smillie, K. J., and Cousin, M. A. (2016). A fine

balance of synaptophysin levels underlies efficient retrieval of synaptobrevin II

to synaptic vesicles. PLoSONE 11:e0149457. doi: 10.1371/journal.pone.0149457

Gorlach, A., Bertram, K., Hudecova, S., and Krizanova, O. (2015).

Calcium and ROS: a mutual interplay. Redox Biol. 6, 260–271.

doi: 10.1016/j.redox.2015.08.010

Greenbaum, D., Colangelo, C., Williams, K., and Gerstein, M. (2003). Comparing

protein abundance and mRNA expression levels on a genomic scale. Genome

Biol. 4:117. doi: 10.1186/gb-2003-4-9-117

Haas, R., Stumpf, D. A., Parks, J. K., and Eguren, L. (1981). Inhibitory effects

of sodium valproate on oxidative phosphorylation. Neurology 31, 1473–1476.

doi: 10.1212/WNL.31.11.1473

Han, Q., Lin, Q., Huang, P., Chen, M., Hu, X., Fu, H., et al. (2017).

Microglia-derived IL-1beta contributes to axon development disorders and

synaptic deficit through p38-MAPK signal pathway in septic neonatal rats. J.

Neuroinflammation 14:52. doi: 10.1186/s12974-017-0805-x

Harris, J. J., Jolivet, R., and Attwell, D. (2012). Synaptic energy use and supply.

Neuron 75, 762–777. doi: 10.1016/j.neuron.2012.08.019

Hernandez, F., Langa, E., Cuadros, R., Avila, J., and Villanueva, N. (2010).

Regulation of GSK3 isoforms by phosphatases PP1 and PP2A. Mol. Cell.

Biochem. 344, 211–215. doi: 10.1007/s11010-010-0544-0

Hoffmann, A., Kann, O., Ohlemeyer, C., Hanisch, U. K., and Kettenmann, H.

(2003). Elevation of basal intracellular calcium as a central element in the

activation of brain macrophages (microglia): suppression of receptor-evoked

calcium signaling and control of release function. J. Neurosci. 23, 4410–4419.

doi: 10.1523/JNEUROSCI.23-11-04410.2003

Hollis, F., Kanellopoulos, A. K., and Bagni, C. (2017). Mitochondrial dysfunction

in autism spectrum disorder: clinical features and perspectives. Curr. Opin.

Neurobiol. 45, 178–187. doi: 10.1016/j.conb.2017.05.018

Hornig, M., Bresnahan, M. A., Che, X., Schultz, A. F., Ukaigwe, J. E., Eddy, M.

L., et al. (2018). Prenatal fever and autism risk. Mol. Psychiatry 23, 759–766.

doi: 10.1038/mp.2017.119

Ito, H. T., Smith, S. E., Hsiao, E., and Patterson, P. H. (2010). Maternal

immune activation alters nonspatial information processing in the

hippocampus of the adult offspring. Brain Behav. Immun. 24, 930–941.

doi: 10.1016/j.bbi.2010.03.004

James, S. J., Melnyk, S., Jernigan, S., Cleves, M. A., Halsted, C. H., Wong,

D. H., et al. (2006). Metabolic endophenotype and related genotypes are

associated with oxidative stress in children with autism. Am. J. Med. Genet. B

Neuropsychiatr. Genet. 141b, 947–956. doi: 10.1002/ajmg.b.30366

Joshi, A. U., and Mochly-Rosen, D. (2018). Mortal engines: mitochondrial

bioenergetics and dysfunction in neurodegenerative diseases. Pharmacol. Res.

138, 2–15. doi: 10.1016/j.phrs.2018.08.010

Juckel, G., Manitz, M. P., Brune, M., Friebe, A., Heneka, M. T., and Wolf,

R. J. (2011). Microglial activation in a neuroinflammational animal

model of schizophrenia–a pilot study. Schizophr. Res. 131, 96–100.

doi: 10.1016/j.schres.2011.06.018

Kern, J. K., Geier, D. A., Homme, K. G., King, P. G., Bjorklund, G., Chirumbolo,

S., et al. (2017). Developmental neurotoxicants and the vulnerable male brain:

a systematic review of suspected neurotoxicants that disproportionally

affect males. Acta Neurobiol. Exp. 77, 269–296. doi: 10.21307/ane-

2017-061

Kiebish, M. A., Han, X., Cheng, H., Lunceford, A., Clarke, C. F., Moon,

H., et al. (2008). Lipidomic analysis and electron transport chain activities

in C57BL/6J mouse brain mitochondria. J. Neurochem. 106, 299–312.

doi: 10.1111/j.1471-4159.2008.05383.x

Kirsten, T. B., Chaves-Kirsten, G. P., Chaible, L. M., Silva, A. C., Martins, D. O.,

Britto, L. R., et al. (2012). Hypoactivity of the central dopaminergic system

and autistic-like behavior induced by a single early prenatal exposure to

lipopolysaccharide. J. Neurosci. Res. 90, 1903–1912. doi: 10.1002/jnr.23089

Kirsten, T. B., Lippi, L. L., Bevilacqua, E., and Bernardi, M.M. (2013). LPS exposure

increases maternal corticosterone levels, causes placental injury and increases

IL-1Beta levels in adult rat offspring: relevance to autism. PLoS ONE 8:e82244.

doi: 10.1371/journal.pone.0082244

Kirsten, T. B., Taricano, M., Florio, J. C., Palermo-Neto, J., and Bernardi,

M. M. (2010a). Prenatal lipopolysaccharide reduces motor activity after an

immune challenge in adult male offspring. Behav. Brain Res. 211, 77–82.

doi: 10.1016/j.bbr.2010.03.009

Kirsten, T. B., Taricano, M., Maiorka, P. C., Palermo-Neto, J., and Bernardi, M. M.

(2010b). Prenatal lipopolysaccharide reduces social behavior in male offspring.

Neuroimmunomodulation 17, 240–251. doi: 10.1159/000290040

Knuesel, I., Chicha, L., Britschgi, M., Schobel, S. A., Bodmer, M., Hellings,

J. A., et al. (2014). Maternal immune activation and abnormal brain

development across CNS disorders. Nat. Rev. Neurol. 10, 643–660.

doi: 10.1038/nrneurol.2014.187

Konat, G. (2016). Cerebral response to peripheral challenge with a viral mimetic.

Neurochem. Res. 41, 144–155. doi: 10.1007/s11064-015-1746-3

Kos, A., Olde Loohuis, N., Meinhardt, J., Van Bokhoven, H., Kaplan, B. B., Martens,

G. J., et al. (2016). MicroRNA-181 promotes synaptogenesis and attenuates

axonal outgrowth in cortical neurons. Cell. Mol. Life Sci. 73, 3555–3567.

doi: 10.1007/s00018-016-2179-0

Lai, J. C., Walsh, J. M., Dennis, S. C., and Clark, J. B. (1977). Synaptic and

non-synaptic mitochondria from rat brain: isolation and characterization. J.

Neurochem. 28, 625–631. doi: 10.1111/j.1471-4159.1977.tb10434.x

Lai, K. O., and Ip, N. Y. (2015). Cdk5: a key player at neuronal

synapse with diverse functions. Mini Rev. Med. Chem. 15, 390–395.

doi: 10.2174/1389557515666150324122321

Lee, J. H., Jeong, M. W., Kim, W., Choi, Y. H., and Kim, K. T. (2008). Cooperative

roles of c-Abl and Cdk5 in regulation of p53 in response to oxidative stress. J.

Biol. Chem. 283, 19826–19835. doi: 10.1074/jbc.M706201200

Lee, M. S., Kwon, Y. T., Li, M., Peng, J., Friedlander, R. M., and Tsai, L. H. (2000).

Neurotoxicity induces cleavage of p35 to p25 by calpain. Nature 405, 360–364.

doi: 10.1038/35012636

Lores-Arnaiz, S., and Bustamante, J. (2011). Age-related alterations in

mitochondrial physiological parameters and nitric oxide production in

synaptic and non-synaptic brain cortex mitochondria. Neuroscience 188,

117–124. doi: 10.1016/j.neuroscience.2011.04.060

Lores-Arnaiz, S., Lombardi, P., Karadayian, A. G., Orgambide, F., Cicerchia,

D., and Bustamante, J. (2016). Brain cortex mitochondrial bioenergetics in

synaptosomes and non-synaptic mitochondria during aging. Neurochem. Res.

41, 353–363. doi: 10.1007/s11064-015-1817-5

Ma, Q. L., Zuo, X., Yang, F., Ubeda, O. J., Gant, D. J., Alaverdyan, M.,

et al. (2014). Loss of MAP function leads to hippocampal synapse loss and

deficits in the Morris Water Maze with aging. J. Neurosci. 34, 7124–7136.

doi: 10.1523/JNEUROSCI.3439-13.2014

Makinodan, M., Tatsumi, K., Manabe, T., Yamauchi, T., Makinodan, E.,

Matsuyoshi, H., et al. (2008). Maternal immune activation in mice delays

myelination and axonal development in the hippocampus of the offspring. J.

Neurosci. Res. 86, 2190–2200. doi: 10.1002/jnr.21673

Mandell, J. W., and Banker, G. A. (1996). A spatial gradient of tau

protein phosphorylation in nascent axons. J. Neurosci. 16, 5727–5740.

doi: 10.1523/JNEUROSCI.16-18-05727.1996

Mondragon-Rodriguez, S., Trillaud-Doppia, E., Dudilot, A., Bourgeois, C.,

Lauzon, M., Leclerc, N., et al. (2012). Interaction of endogenous tau

protein with synaptic proteins is regulated by N-methyl-D-aspartate

receptor-dependent tau phosphorylation. J. Biol. Chem. 287, 32040–32053.

doi: 10.1074/jbc.M112.401240

Moreno, H., Morfini, G., Buitrago, L., Ujlaki, G., Choi, S., Yu, E., et al. (2016).

Tau pathology-mediated presynaptic dysfunction. Neuroscience 325, 30–38.

doi: 10.1016/j.neuroscience.2016.03.044

Oh-Nishi, A., Obayashi, S., Sugihara, I., Minamimoto, T., and Suhara, T.

(2010). Maternal immune activation by polyriboinosinic-polyribocytidilic

Frontiers in Molecular Neuroscience | www.frontiersin.org 22 January 2021 | Volume 13 | Article 555290

https://doi.org/10.1016/j.tox.2016.03.002
https://doi.org/10.1016/j.brainres.2010.09.046
https://doi.org/10.1126/science.1228261
https://doi.org/10.1016/j.bbi.2015.09.015
https://doi.org/10.1371/journal.pone.0149457
https://doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.1186/gb-2003-4-9-117
https://doi.org/10.1212/WNL.31.11.1473
https://doi.org/10.1186/s12974-017-0805-x
https://doi.org/10.1016/j.neuron.2012.08.019
https://doi.org/10.1007/s11010-010-0544-0
https://doi.org/10.1523/JNEUROSCI.23-11-04410.2003
https://doi.org/10.1016/j.conb.2017.05.018
https://doi.org/10.1038/mp.2017.119
https://doi.org/10.1016/j.bbi.2010.03.004
https://doi.org/10.1002/ajmg.b.30366
https://doi.org/10.1016/j.phrs.2018.08.010
https://doi.org/10.1016/j.schres.2011.06.018
https://doi.org/10.21307/ane-2017-061
https://doi.org/10.1111/j.1471-4159.2008.05383.x
https://doi.org/10.1002/jnr.23089
https://doi.org/10.1371/journal.pone.0082244
https://doi.org/10.1016/j.bbr.2010.03.009
https://doi.org/10.1159/000290040
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1007/s11064-015-1746-3
https://doi.org/10.1007/s00018-016-2179-0
https://doi.org/10.1111/j.1471-4159.1977.tb10434.x
https://doi.org/10.2174/1389557515666150324122321
https://doi.org/10.1074/jbc.M706201200
https://doi.org/10.1038/35012636
https://doi.org/10.1016/j.neuroscience.2011.04.060
https://doi.org/10.1007/s11064-015-1817-5
https://doi.org/10.1523/JNEUROSCI.3439-13.2014
https://doi.org/10.1002/jnr.21673
https://doi.org/10.1523/JNEUROSCI.16-18-05727.1996
https://doi.org/10.1074/jbc.M112.401240
https://doi.org/10.1016/j.neuroscience.2016.03.044
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles
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