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Abstract
Mild maternal immune activation (MIA) by in�ammatory agents such as lipopolysaccharide (LPS) and
prepubertal stress (PS) may individually and collectively affect the central nervous system (CNS) during
adulthood. Here, we intend to assess the effects of mild MIA, alone or combined with PS, on prefrontal
white matter structure and its related molecules in adult mice offspring.

Pregnant mice received either a mild intraperitoneal (IP) dose of LPS (50 μg/kg) on gestational day 17
(GD17) or normal saline. Their pups were exposed to stress from postnatal days (PD) 30 to PD38 or no
stress during prepubertal development. We randomly chose 56-day-old male offspring (n=2 offspring per
mother) from each group and isolated their prefrontal areas according to relevant protocols. The tissue
samples were prepared for structural, histological, and molecular examinations.

According to the results, the LPS+stress group had evidence of increased damage in the white matter
structures compared to the control, stress, and LPS groups (p<.05). The LPS+stress group also had
signi�cant downregulation of the genes involved in white matter formation (Sox10, Olig1, myelin
regulatory factor (Aprato et al), and Wnt) compared to the control, stress, and LPS groups (p<.05).

In conclusion, although each manipulation individually resulted in small changes in myelination, their
combined effects were more pronounced. These changes were parallel to abnormal expression levels of
the molecular factors that contribute to myelination.

Introduction
Various lines of evidence show that the proper functioning of myelin and oligodendrocyte cells are the
most important factors that affect the main processes of neuronal communication. Abnormal
myelination is de�ned as a fundamental defect in many neurodevelopmental disorders, including autism
spectrum disorder (ASD) (Chew et al 2013; Graciarena et al 2019; Galvez-Contreras et al 2020). The
etiology of ASD and many other neurodevelopmental disorders is unknown. The roles of numerous
genetic and environmental factors that affect myelination have been studied. Stress during early life is
one environmental factor that has lasting effects on the structure of the brain and increases the risk of
neurodevelopmental disorders (Marques et al 2013; Inguaggiato et al 2017). Increased stress during
infancy and childhood encouraged us to evaluate the in�uence of early life stress on prefrontal white
matter structure and mRNA of its related genes (Sox10, Olig1, myelin regulatory factor (Aprato et
al), and Wnt) in adult mouse offspring.

Researchers have explored the effects of early life stress on the severity of abnormal myelination in
animal modules as an approach to surveying the importance of environmental risk factors in the
progress of neurodevelopmental diseases (Marques et al 2013; Inguaggiato et al 2017).

Bacterial lipopolysaccharides (LPS) are one of the most common immunogens that can induce
activation of the immune system during pregnancy in animal models. LPS is found on the outer
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membrane of most gram-negative bacteria; it can create maternal immune activation (MIA) and may
increase the risk of different central nervous system (CNS) disorders in humans (Rymut et al 2020). The
results of preclinical studies that assessed the destructive effects of MIA after exposure to LPS showed
that maternal sickness behavior, neurodevelopmental disorders, cognitive disorders, brain damage, and
fetal weight loss were observed in animal offspring. It has been reported that changes in neuroimmune
system responses are the main players in the pathogenesis of abnormal myelinating diseases (Pullen et
al 1995; Tonelli et al 2008; Skripuletz et al 2011; Bénardais et al 2014).

The prefrontal cortex (PFC), one of the most critical brain regions involved in behavioral �exibility, plays
an important role in control of anxiety and stress. In addition, the integrity of the myelin structure in this
area is of utmost importance for accurate functioning of neural circuits in the brain (Hoban et al 2016;
Noshadian et al 2020; Teimouri et al 2020). Myelin in the CNS is produced by oligodendrocytes, and it is a
continuous process that starts during prenatal development and continues during the postnatal
period (Bradl and Lassmann 2010; Soomro et al 2018). Successful myelination depends on a balance
between positive and negative molecular signals; otherwise, any imbalances can prompt the suppression
of oligodendrocyte precursor cell (OPC) maturation and subsequent axonal myelination by
oligodendrocytes (Zuckerman et al 2003; Miron et al 2011).

The results of studies revealed that several extrinsic and intrinsic molecular signaling pathways and
transcription factors like Olig1, Olig2, and Nkx2.2 had an important regulatory role in myelination of nerve
cells in the brain. In OPCs, Sox10 expression in combination with Sox9 play important in survival, proper
migration of oligodendrocytes, terminal differentiation, and myelination (Li et al 2007; Hornig et al 2013;
Aprato et al 2020). Myrf is an oligodendrocyte-speci�c target of Sox10, and it is reported to be another
gene essential for CNS myelination. Defects in this pathway result in decreased oligodendrocyte activity
or increased abnormal myelination(Zuchero and Barres 2013; Rao and Pearse 2016).

The impact of mild MIA, alone and combined with PS on the prefrontal region of mice is unknown.
Therefore, in this research, we intend to: determine the effects of mild MIA + PS on prefrontal white matter
structure and expression levels of Sox10, Olig1, Myrf, and Wnt mRNA in mice offspring.

Materials And Methods
Animals 

We purchased 30 female NMRI mice that weighed 25-30 g and were time-mated from Pasteur Institute,
Tehran, Iran for this experiment. Throughout the experiment, the mice were housed in a temperature
controlled (23.5 ± 0.5 °C) facility with a 12-hour light/dark cycle and lights on at 8:00 am. The mice were
allowed to acclimate to their surroundings for approximately two weeks and received food and water ad
libitum during the experimental periods. Subsequently, three females per male were housed overnight in a
cage to enable them to mate. Pregnancy was ascertained by daily visual inspection for the presence of a
vaginal plug, which was performed every morning. Con�rmation of a vaginal plug was reported as
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gestational age (GA) 0. The pregnant mice were housed separately under aseptic and standard
conditions as previously mentioned. 

Ethics approval

The Research and Ethics Committee of Shahid Beheshti University of Medical Sciences
(IR.SBMU.MSP.REC. 1397.670) approved this research study. All experimental procedures and animal
handling were conducted in accordance with the National Institute of Health “Guide for the Care and Use
of Laboratory Animals”.

Prenatal lipopolysaccharide (LPS) administration

Gestational day 17 (GD17) (Zager et al 2015) mice each received an intraperitoneal (IP) injection of either
50 μg/kg LPS (Escherichia coli [E. coli]/100 μl of saline, Sigma Co., USA) (O’Loughlin et al 2017) or sterile
saline (100 μl/mouse). We chose to administer the 50 μg/kg dose of LPS because it has been shown to
increase pro-in�ammatory cytokines in GD17 mice. The delivery day of the pups was considered to be
postnatal day 0 (PD0) (Zager et al 2015; O’Loughlin et al 2017). We chose 56-day-old male offspring (n=2
males/mother) for structural, histological, and molecular analyses (Hava et al 2006; Wischhof et al 2015;
Zager et al 2015).

Induction of prepubertal stress (PS)

PS was induced from PD30 to PD38 according to relevant protocols from our previous work and those
reported by other researchers. In brief, we conducted the stress protocol in three sections with an interval
of three days, as follows: electric foot shock administered to PD30 mice; restraint stress on PD34; and a
forced swim stress on PD38. The control group did not experience any prepuberty stress(Ranaei et al
2020).

Electric foot shock test 

The offspring were placed in the shady portion (20 *20 *30 cm) of a test shuttle box where they received
a mild paws shock (0.3 MA) stressor. The paws shocks were conducted in two sessions with a rest time
of 3 minutes between session one and session two. In session one, the offspring received three foot
shocks for about three minutes, with one shock per minute. Each shock lasted one second. In the second
session, the offspring did not receive any shocks to their feet (Ranaei et al 2020). 

Restraint stress test

The offspring were placed in plastic translucent chamber, which had a diameter of 4 cm and length of 10
cm, and included a 60W light. Each mouse remained in the chamber for about 45 minutes. 

Forced swim stress test 
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The mice had two swimming sessions in translucent chambers (25 cm height, 10 cm diameter, 15 cm
depth) that were �lled with water that had a temperature of 18 ± 1 °C. A three minute interval was taken
between each session. Each session lasted for approximately one minute. After the swimming test, the
pups were dried and prepared for the next examination.

Experimental design

Fig. 1 shows the study design. We randomly divided 60 male offspring (n=2 offspring/mother) into �ve
groups (n=12 per group). In each group, six offspring were used for transmission electron microscopy,
histochemical, and stereological analyses, and six offspring for molecular testing.

In the �rst group (LPS), the GD17 mothers were injected with a mild dose of 50 μg/kg of LPS (E. coli/100
μl of saline)(Wischhof et al 2015). In the second group (stress), the offspring were exposed to stressors
from PD30 to PD38, according to the previous protocol. Offspring in group three (LPS+stress) were
exposed to LPS on GD17 and stress on PD30 to PD38 under the same protocol as the second (stress)
group. Group four comprised the vehicle group where the GD17 mothers received 100 μl of saline in the
same manner as group one. Group �ve was the untreated control group.

Measurement of relative mRNA expressions of IL6 and TNFα on gestational day (GD) 

We measured mRNA levels of TNFα and IL6 in the sera of pregnant mice 24 hours after they received IP
injections of LPS in order to con�rm activation of the maternal immune response. Blood sampling was
performed at 8:00 am, and we collected 0.1 ml of blood from the tail veins of LPS mice and control mice
while they were brie�y anesthetized. The blood samples were centrifuged and the separated plasma
samples were stored at -20 °C until needed. Plasma levels of TNF-α and IL-6 were evaluated by qRT-PCR
according to the manufacturer's instructions (Amini et al 2020).

Histological analyses

We anesthetized six, PD56 male mice per group with IP injections of ketamine (50 mg/kg) and xylazine
(3-5 mg/kg). The mice underwent transcardial perfusion of 0.1 M phosphate-buffered saline (PBS; pH
7.4), followed by administration of 4% paraformaldehyde in PBS. Once perfusion was over, the animals
were decapitated and their medial prefrontal areas were excised +5.16 mm anterior to the Bregma and
+2.52 mm posterior to the Bregma according to the Atlas of Paxinos and Watson, 2007. The specimens
were processed for light and electron microscopic studies (Wischhof et al 2015). 

Light microscopy study

The prefrontal white matter samples were post-�xed in 4% paraformaldehyde for one week at standard
room conditions, then embedded in para�n blocks, sectioned into 5 μm para�n sections, and prepared
for general histological examinations (Afsordeh et al 2019).

Estimation of neuron cell density 
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We used the physical dissector method to estimate the number of nerve cells. A total of 10 para�n
sections were chosen by systematic random sampling from each mouse. Subsequently, four �elds were
randomly surveyed to estimate the numerical nerve cell densities according to the following formula:

Where, ∑Q = the total number of nerve cells in all of the �elds; N (dis) refers to the dissector frame; and V
(dis) = A (frame) x h. The A (frame) is the known area associated with each dissector frame and h is the
height of the section that is equal to the section thickness. Two serial sections were observed under a
100x objective lens to evaluate the cell density (Miki et al 2005; Noshadian et al 2020).

Transmission Electron Microscopy (TEM)

Tiny pieces of white matter were provided from the mice brains and �xed by a mixture of glutaraldehyde
(2.5%) and paraformaldehyde (4%) in phosphate buffer with pH =7.4. then they were chopped to get
smaller pieces ~ 1mm2 and saved in a similar �xative solution for about 12 hours at standard
temperature conditions. This was followed by post-�xation of the samples in osmium tetroxide (1%) for 2
hours dehydrated in cold Acetone (-15° to -25°C) with different gradient concentrations, put in propylene
oxide, and eventually entrenched in Araldite 502 Resin at temperature 60.C(Heidari et al 2013).

The prefrontal area samples were being examined by some thick sections for validity. Once that was
con�rmed, some ultra-thin slices were located on the copper grids and then stained with uranyl acetate
2% and lead citrate. A transmission electron microscope (Akishima, Japan) was applied for providing
electron micrographs of oligodendrocytes at 4400x, 7000 x and 12000 x magni�cations.

Morphometric assessment

ImageJ software (NIH, USA) was used to determine the mean myelinated nerve �ber diameter size
(d(mf)), myelin sheath thickness (t), and axon diameter (d(a)) per slice. As shown in Fig. 2A, the
myelinated nerve fiber diameters were determined using the longest diameter that was vertical to the
longest nerve fiber axis in each �ber (Tang et al 1997; Yang et al 2013; Ye et al 2013). The diameter of the
axon was considered to be the longest diameter that was vertical to the longest axis of the axon (L1) (Fig.
2B). The average myelin sheath thickness (t) was determined to be the mean size of t1 to t4, as follows.
Point 1 (t1) was randomly selected in an interval of the �rst I/4; point 2 (t2) was I/4 + point 1; the point 3
(t3) was I/4 + point 2, and point 4 (t4) was I/4 + point 3 (Fig. 2C).

Percentages of myelin alterations

In each group, we randomly selected 100 myelinated axons and evaluated them for the presence of
abnormalities in their myelin, which included disarrangement of the myelin sheath or a broken or
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collapsed myelin sheath. The data were calculated as percentages of alteration in each myelin. The
percentage of change in myelin was calculated as follows

RNA extraction and complementary DNA synthesis

The white matter tissue samples were separated, snap frozen and ground under liquid nitrogen Total RNA
was extracted with an RNeasy® Mini Kit (Qiagen GmbH, Catalog no 74104). The RNA samples were
immediately frozen in liquid nitrogen and stored at -80 °C. A NanoDrop spectrophotometer at an
absorbance of 260/280 nm was used to assess purity of the samples (Afsordeh et al 2019).

Primer design

We chose to use the exon-exon junction primer design for this study. Table 1 lists the primer sequences
used in this study. Gene expression analyses were performed with REST 2009 software (Qiagen) for the
different study groups. The relative gene expressions were compared using the delta-delta Ct method (2-

ΔΔCr).

Table 1. Sequences and annealing temperatures of the PCR primers

TARGET
Gene

primer Primer sequence Tm Product
length
(bp)

ACCESSION

Olig1 F CCACAGCAAGGCAGCTGAAG 60 85 NM_021770.4

R TGCTAACGCTAATCACAAGCCAAG 61.92

Myrf F CCTGTGTCCGTGGTACTGTG 60.32 248 NM_001170487.1

R TCACACAGGCGGTAGAAGTG 59.68

Sox10 F CTCCAACCACCCCAAAGAC 58 174 NM_019193.2

R GGTCCAGCTCAGTCACATCA 60

Wnt F GAGTCTCGTGGCTGGGTGGA 63 110 NM_001107005.2

R TTGGGCTCGCAGAAGTTAGG 60.4

Gapdh F CCATGGAGAAGGCTGGGG 60 195 NM_001394060.2

R CAAAGTTGTCATGGATGACC 60

qReal Time PCR:
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The mRNA expression level of TNF-alpha, IL-6, Olig1, Myrf, Wnt, and Sox10 genes were calculated with
Comparative Real-Time PCR. All reactions of PCR were carried out by SYBR® Premix Ex Taq II on a Rotor-
Gene™ 6000 real-time PCR cycler (Corbett Research, Qiagen, Germany). The housekeeping gene was
GAPDH. The initial denaturation step was done at 95 °C for 15 min followed by 40 cycles of denaturation
at 95 °C for 5 s under primer-speci�c conditions and the extension step was at 60 °C for 20 s

Statistical analysis

SPSS Statistics 18 software was used for statistical analysis. Normality of the data was assessed by the
Kolmogorov-Smirnov test. Independent t-test analysis was used to evaluate IL-6 and TNF-α. ANOVA with
the post hoc LSD test were used to assess data between the groups, with a type I error α equal to 0.05
and power analysis of 80% or 0.8. The data are reported as mean ± SEM. P-values less than .05 were
considered to indicate statistical signi�cance.

Results
Relative changes in TNF-α and IL-6 expressions in the blood samples

Fig. 3 shows signi�cant upregulation of TNFα (p=.02) and IL6 (p=.000) mRNA expressions in GD17 mice
from the LPS group compared to the control mice. 

Stereological analysis

Quantitatively, there were signi�cantly fewer neurons in the PFC region of the LPS group compared to the
control group (p<.05). This decrease was signi�cant in the LPS+stress group (p<.05). Nerve cell density in
mice exposed to the stressors showed no remarkable changes relative to the other groups (p>.05) (Fig. 4).

Structural alterations in prefrontal oligodendrocytes

Transmission electron microscopy assessment showed that there were no substantial structural
alterations in the prefrontal oligodendrocytes from mice in the vehicle and control groups. The
ultrastructural pictures of these two groups were comparable to normal prefrontal oligodendrocytes. We
observed the presence of large round euchromatic nuclei, more mitochondria, and rough endoplasmic
reticuli (Fig. 5).

In contrast, prefrontal oligodendrocytes from the LPS and LPS+stress groups had substantial structural
changes that included local cytoplasmic swelling, vacuolization of the oligodendrocytes, unmyelinated
axons, and axons with myelin alterations. The nuclei of these cells had an irregular structure and some
dense chromatin (Fig. 5).

Ultrastructural changes in the myelinated axons

Ultrathin sections of the prefrontal regions from the control and vehicle groups displayed intact
myelinated fibers with regular compact myelin sheaths and dense structures (Fig. 6). Conversely, the
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ultrathin sections from the prefrontal regions of the LPS, LPS+stress, and Stress groups had damaged
myelin sheaths. Fig. 6 shows that the myelinated fibers had abnormal changes, which included
interruptions, and broken and local disarrangement of the myelin sheath.

Morphometry of oligodendrocytes and myelinated �bers

The LPS group had a signi�cant decrease in mean diameter of the axons (d(a) and myelinated �bers
(d(m)) from the prefrontal area compared to the control mice. This �nding was more prominent in the
LPS+stress group compared to the control group. The myelin thickness of the nerve �bers from the
prefrontal region was signi�cantly less in the LPS+stress group compared to the control group (Fig. 7A-
C). 

The percentage of changes in myelin from the prefrontal regions of the LPS (p<.01) and LPS+stress
(p<.001) groups were signi�cantly elevated in comparison to the control group (Fig.7 D). For the most
part, there was a low percentage of myelin changes detected in control tissue samples. An insigni�cant
increase in myelin changes was also detected in the prefrontal area of the stress group (p>.05).

Gene expression analysis

The relative expressions of the Sox10, Olig1, Myrf, and Wnt genes between treatment groups were
measured by qRT-PCR and normalized by the housekeeping gene, GAPDH, and the control group. The
results were expressed as relative fold changes/control.

Relative fold change in Sox 10 expression

Sox10 had signi�cantly less expression in the LPS+stress group compared to the other groups (p<.05 for
the LPS and stress groups; p<.01 for the control group). There was no signi�cant difference detected
between the LPS and stress groups compared to the control group (p<.05) (Fig. 8A).

Relative fold change in Olig1 expression

Fig. 8 shows a signi�cant reduction in Olig1 gene expression in the prefrontal tissues of mice in the
LPS+stress group compared to the control (p<.01) and vehicle (p<.05) groups. There was no important
reduction in Olig1 expression between the LPS and stress groups compared to the control group, nor were
there any remarkable changes in Olig1 expression between the LPS and stress groups (Fig. 8B).

Relative fold change in myelin regulatory factor (Myrf) expression 

A signi�cant decline in Myrf expression was seen in the LPS+stress Compared to the control group
(p<.01). There was signi�cantly less Myrf expression in both the LPS and LPS+stress groups compared
to the stress group (p<.05) (Fig. 8C).

Relative fold change in Wnt expression
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QRT-PCR results showed considerably less Wnt mRNA expression in the LPS+stress group compared to
all of the other groups (p<.05 for the stress and vehicle groups and p<.001 for the control group).
However, this signi�cant drop in Wnt mRNA expression was not detected in the LPS group when
compared with the LPS+stress and stress groups (p>.05) (Fig. 8D).

Discussion
The fetal period and �rst months after birth are extremely active periods of development, and for the
structural phases of neural maturation inside the brain. This is particularly true for the PFC (Rice and
Barone Jr 2000). Any structural damage in the process of nerve pruning and myelination during this
critical period of growth potentially increases vulnerability to various developmental disorders in
adulthood (Crews et al 2007). Because of the prolonged developmental time of the PFC, environmental
offenses, such as early life and adolescent stress, may display a main role in the abnormal maturation of
this region (Ranaei et al 2020). 

The current study identi�ed structural and ultrastructural changes in oligodendrocytes and myelinated
axons, in addition to impairments in the expressions of transcription factors related to the myelination of
the PFC in LPS-induced MIA mice and those exposed to early life stress. 

Our study showed that early life stress, similar to LPS, created diverse oligodendrocytes and radically
damaged myelin sheaths in the pups. Transmission electron microscopy results showed an important
reduction in the number of nerve cells of the PFC during early postnatal development in addition to the
aforementioned alterations. 

Hypomyelination in the adult PFC appears to be related to prenatal in�ammation in humans(Huang et al
2020). Our present �ndings offer a probable developmental mechanism for this phenomenon; we
observed signi�cant damage to the structure of oligodendrocytes of the PFC following exposure to LPS
during the prenatal period. Therefore, the last two prenatal weeks seem to signify a critical period for
oligodendrogenesis, with direct effects on the cell cycle and neuronal maturation (Santos et al 2018;
VanRyzin et al 2018). This is followed by later postnatal periods that are critical for oligodendrogenesis,
in which PS also results in a constant decrease in myelin content and decreased expressions of early
genes (VanRyzin et al 2018). This is associated with persistent behavioral impairment in adulthood,
although the developmental mechanisms were obscure.

Previous research has shown that early postnatal exposure to stress differs from the effects of the adult
stress experience, which has only temporary outcomes on PFC myelination and behavior (Tottenham
2013; Antontseva et al 2020). Our results, by highlighting the signi�cance of the prenatal and early
postnatal period, show that minor in�ammation during the critical period before birth in conjunction with
stress in the early days after birth could be detrimental to PFC myelination. This extensive destruction
could be associated with abnormalities in various brain functions in adulthood (Tottenham 2013;
Teimouri et al 2020).
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It has been proven that the vulnerability of oligodendrocytes prompts the myelin breakdown and loss of
the myelin sheath. We observed ultrastructural alterations in myelinated axons in the PFC of the LPS
group. 

The development of oligodendrocytes from OPCs is controlled by several inhibitory and stimulatory
factors (Piaton et al 2010; Boulanger and Messier 2014). Successful myelination depends on a balance
between positive and negative axonal signals (Jessen and Mirsky 2008; Lu et al 2014). Any imbalance
could prompt the suppression of OPC maturation and, consequently, axonal myelination by
oligodendrocytes. Various axonal extrinsic and intrinsic molecular signaling pathways, and transcription
factors have a primary role in regulating the growth and development of OPCs, differentiation and
proliferation of cells, cell polarity, determination of the cell fate, and CNS myelination during embryonic
development (Raivich and Makwana 2007; Piaton et al 2010). Among these signaling pathways, Wnt,
Olig1, Sox10, and Myrf are the main genes that affect CNS myelination.

We reported that the reduction in myelin content seen in LPS-treated mice might be followed by
alterations in the Wnt signaling pathway or suppressed expressions of oligodendroglia lineages Sox10,
Olig2, Olig1, and Myrf.

The Wnt pathway has a fundamental role in proliferation and differentiation of nerve cells, cell polarity,
and determination of the cell fate during embryonic development and tissue homeostasis (Yamashita et
al 2010; Mitew et al 2014). The results of studies showed that several genes (Olig1, Olig2, and Nkx2.2)
had an important regulatory role in cell differentiation, proliferation, and myelination of nerve cells in the
brain. Sox10 is a transcription factor that plays a chief role in OL differentiation (Li et al 2007; Hornig et al
2013). In OPCs, Sox10 expression starts during the early stages and, in combination with Sox9, it has
important implications in survival, proper migration of oligodendrocytes, terminal differentiation, and
myelination (Li et al 2007; Finzsch et al 2008).

 Myrf is an oligodendrocyte-speci�c target of Sox10, and it is reported to be another gene essential for
CNS myelination (Hornig et al 2013; Aprato et al 2020). Defects in this pathway result in decreased
oligodendrocyte activity or increased abnormal myelination, which has been con�rmed by our results.

Here, we demonstrated that early life stress signi�cantly intensi�ed the destruction of the myelin sheath,
disrupted white matter, and suppressed the expression of transcription factors Sox10, Oligo1, Myrf1, and
Wnt in prefrontal homogenates.

It has been reported that MIA induced by LPS leads to white matter abnormalities, cell death by oxidizing
proteins, free radicals, reactive oxygen species (ROS), neurodegeneration, and cognitive and affective
disorders (Wang et al 2006; Hao et al 2010; Rousset et al 2013). It is well-documented that LPS can
generate in�ammatory cytokines TNFa and IL6, in addition to ROS, which further contributes to
progression of neuroin�ammatory problems (Hao et al 2010; Wang et al 2010).
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Various lines of evidence show that the hypothalamic-pituitary-adrenocortical axis (HPA) plays a pivotal
role in oxidative stress responses in the brain following exposure to early life stress (Brenhouse et al
2018; Koss and Gunnar 2018). Exposure to early life stress causes an increase in dopamine release and
increased activity of glutamatergic receptors, which arouses the HPA. This, in turn, ampli�es the secretion
of various cytokines such as TNFα and IL6, and increases ROS products (Bisht et al 2018).

Alternatively, it has be determined that an increase in apoptosis in oligodendrocytes from LPS exposure is
closely related to an increase in ROS levels, which sequentially causes endoplasmic reticulum (ER)
disruption and ER stress-related mechanisms.

This oxidative stress caused by ER stress leads to myelin sheath breakdown due to disruptions in lipid
and protein synthesis (Deslauriers et al 2011; Hosoi and Ozawa 2012). Therefore, early life stress, in part,
increases cell death and apoptosis in oligodendrocytes in LPS models of neurodevelopmental disorders
like ASD.

Future research is needed to determine the molecular pathways for early life stress function, and clarify
the precise mechanisms and the role of prenatal immune challenges. Our results show the severity of
myelin deprivation due to early life stress during the postnatal period.

Conclusion
Each manipulation individually results in small changes in myelination; however, the combined effects
are more pronounced. These changes are paralleled by abnormal expression levels of molecular factors
that are known to contribute to myelination. Zahra Namvarpoura, b, Elahe Ranaeia, Abdollah Aminia*,
Zahra Roudafshania
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Figures

Figure 1

Schematic timeline of the study. The offspring were exposed to a mild dose of LPS (50 μg/kg) or normal
saline administered to the mothers on GD17 and received prepubertal stressors on PD 30-38. GD:
Gestational day, PD: Postnatal day, IP: Intraperitoneal.
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Figure 2

Morphometric statistical study. A) The diameter of myelinated �bers refers to the value of the axis that is
vertical to the longest myelinated nerve �ber axis (L). B) Axon diameter refers to the value of the axis that
is vertical to the longest axon axis (L). C) The mean myelin thickness (t), which was considered to be the
mean value of t1 + t2 + t3 + t4, as follows. Point 1 (t1) was randomly selected in the �rst I/4 interval.
Point 2 (t2) was I/4 + point 1; point 3 (t3) was I/4 + point 2; and point 4 (t4) was I/4 + point 3. The
distance between the inside and outside borders at each point was calculated.
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Figure 3

Relative mRNA expressions of TNF-a, and IL-6 in freshly derived blood samples from gestational day
(GD) 17 mice. The results are presented as mean ± SEM (n=6). *p<.05; ***p<.000.
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Figure 4

Density of the PFC nerve cells. There is an accelerated loss of neurons in the LPS+stress group compared
to the LPS group that was not exposed to stressors. PFC: Prefrontal cortex, LPS: Lipopolysaccharide.
*p<.05.
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Figure 5

Electron micrographs of the PFC cells from control mice. The control and vehicle groups had normal
oligodendrocytes with euchromatic nuclei (N), a regular nuclear envelope and normal cytoplasm,
polyribosomes (arrowhead), and mitochondria that had normal density (4000 x). The cytoplasm of
oligodendrocytes from the LPS, Stress, and LPS+stress groups had irregular nuclei (N) and reduced
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chromatin that was surrounded by swollen mitochondria. PFC: Prefrontal cortex, N: nucleus, LPS:
Lipopolysaccharide. Magni�cation: 4000x. The cells were stained with uranyl acetate and lead citrate.

Figure 6

Structural alterations in myelinated axons in the studied groups. Myelinated axons from the prefrontal
regains of the control and vehicle mice were normal with regular plasma menbranes and dense
structures. Myelinated axons in the LPS, Stress, and LPS+stress groups show detached, broken, and
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damaged myelin sheaths (arrow). A: Axon, LPS: Lipopolysaccharide. Bar = 1 μm; Magni�cation: 12 000x.
The axons were stained with uranyl acetate and lead citrate.

Figure 7

Morphometry of oligodendrocytes and myelinated �bers in the PFC. A) Mean myelinated �ber thickness;
B) mean axon thickness; C) myelin sheath thickness; and D) percentages of myelin alterations. PFC:
Prefrontal cortex. Data are expressed as mean ± SEM. *p<.05; **p<.01; ***p<.001.
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Figure 8

Relative fold change in gene expressions of: A) Sox10, B) Olig1, C) Myrf, and D) Wnt in the prefrontal
areas of mice from the study groups. Myrf: Myelin regulatory factor. The results are presented as mean ±
SEM. *p<.05, **p<.01, ***p<.001).


