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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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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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Cieślik et al. Synaptic Dysregulation in MIA Model

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.

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 January 2021 | Volume 13 | Article 555290

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles
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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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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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