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Maternal immune activation (MIA) in midpregnancy is a risk factor for neurodevelopmental disorders. Improper
brain development may cause malformations of the brain; maldevelopment induced by MIA may lead to a
pathology-related phenotype. In this study, a single intraperitoneal injection of 20 mg/kg poly-
riboinosinic—polyribocytidylic acid [poly(I:C)] was administered to C57BL/6J mice on embryonic day (E) 12.5 to
mimic maternal viral infection. Histopathological analysis of neurogenesis was performed using markers for
Pax6, Tbr2, and Tbrl. In these fetuses, significant increases were observed in the proportion of Pax6-positive
neural progenitor cells and Pax6/Tbr2 double-positive cells 24 h after poly(I:C) injection. There were no dif-
ferences in the proportion of Tbrl-positive postmitotic neurons 48 h after poly(I:C) injection. At E18.5, there
were more Pax6-positive and Tbr2-positive neural progenitor cells in the poly(I:C)-injected group than in the
saline-injected group. Gene ontology enrichment analysis of poly(I:C)-induced differentially expressed genes in
the fetal brain at E12.5 demonstrated that these genes were enriched in terms including response to cytokine,
response to decreased oxygen levels in the category of biological process. At E13.5, activating transcription factor
4 (Atf4), which is an effector of integrated stress response, was significantly upregulated in the fetal brain. Our
results show that poly(I:C)-induced MIA at E12.5 leads to dysregulated neurogenesis and upregulates Atf4 in the
fetal brain. These findings provide a new insight in the mechanism of MIA causing improper brain development
and subsequent neurodevelopmental disorders.

Introduction Stolp et al., 2011; Tsukada et al., 2018, 2015; Wu et al., 2017). The basis

for development of autism spectrum disorders (ASD), one of the neu-

Epidemiological studies have suggested that maternal infection in
midpregnancy is a risk factor for neurodevelopmental disorders in the
offsprings (Atladottir et al., 2009; Brown, 2006; Brown et al., 2004,
2001). A model of neurodevelopmental disorders induced by maternal
immune activation (MIA) has aided in understanding the mechanisms
behind these developments (Carpentier et al., 2011, 2013; Choi et al.,
2016; Hsiao and Patterson, 2011; Shi et al., 2005; Smith et al., 2007;

rodevelopmental disorders, has been shown to involve improper
developmental processes such as neurogenesis, neurite growth, syn-
aptogenesis, and synaptic plasticity (Gilbert and Man, 2017). Improper
developmental processes have well-known causes and underlying
mechanisms for the development of malformations of the brain; path-
ological studies of ASD brains have shown changes in the number of
neurons in early childhood (Courchesne et al., 2011), defects of
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neurogenesis and neuronal migration, and dysplastic changes (Stoner
et al.,, 2014; Wegiel et al., 2010). In this context, it is reasonable to
expect that impairment in any of these processes could cause abnormal
brain development leading to neurodevelopmental disorders. In fact,
neuroimaging MRI studies have shown that malformations in cortical
development disrupted structural and functional brain networks (Hong
etal., 2017). In line with this notion, a recent study elucidated the role of
IL-17 in the pathophysiological mechanism of cortical dyslamination of
somatosensory areas, leading to an ASD phenotype in a model of neu-
rodevelopmental disorders induced by MIA (Shin Yim et al., 2017). In
addition, the size of some cortices, including the somatosensory cortex,
decreased in offsprings exposed to MIA (Kreitz et al., 2020). Aside from
these findings, we have demonstrated that MIA decreases proliferation
of neural progenitor cells (NPCs) at midgestation and decreases cell
numbers in the dorsolateral cortex at late gestation (Tsukada et al.,
2015). These data suggest that impaired neurogenesis is a key causative
mechanism for the development of malformations of the brain. How-
ever, the underlying mechanisms leading to impaired neurogenesis,
which could be integrated and translated into clinical settings, have not
yet been elucidated. As an individual mechanism of impaired neuro-
genesis after MIA, it has been shown that hypoxia (Carpentier et al.,
2013) and cytokine attack (Gallagher et al., 2013) caused deregulation
of NPCs. Recently, it has been suggested that the unfolded protein
response (UPR) regulates neurogenesis in the fetal brain by affecting the
balance between direct neurogenesis and indirect neurogenesis, that is,
by reducing intermediate progenitors that generate cortical neurons
(Canetta et al.,, 2016; Godin et al., 2016; Laguesse et al., 2015).
Furthermore, direct prenatal Zika virus infection can cause micro-
cephaly by activating transcription factor 4 (Atf4)-mediated UPR, which
affects neurogenesis (Alfano et al., 2019; Gladwyn-Ng et al., 2018). We
hypothesized that MIA causes impairment of neurogenesis in relation to
UPR. It is well known that direct neurogenesis occurs via Pax6-positive
NPCs and indirect neurogenesis via Tbr2-positive NPCs (Arai et al.,
2011; Gotz and Huttner, 2005). These two transcription factors are
sequentially expressed by different classes of neurogenic NPCs, and
another transcription factor, Tbrl, is expressed by postmitotic neurons
in the developing cortex (Englund et al., 2005). Since there are no
detailed histopathological analyses of neurogenesis using markers for
Pax6, Tbr2, and Tbrl in MIA, we first performed immunohistochemical
analysis to confirm impaired neurogenesis. Next, we examined whether
MIA could cause integrated stress response (ISR) leading to UPR in the
fetal brain with bioinformatics analysis, quantitative real-time PCR.

Materials and methods
Animals

Male and female C57BL/6J mice (Japan SLC, Inc., Hamamatsu,
Japan) were used in this study. The mice were maintained under stan-
dard laboratory conditions. Food and water were available ad libitum. A
female mouse was housed with a male mouse overnight, and the day on
which a vaginal plug was found in the morning was designated as em-
bryonic day (E) 0.5. All procedures in this study were performed in strict
accordance with the guidelines for the Care and Use of Laboratory An-
imals of Kanazawa Medical University, Ishikawa, Japan. The protocol
was approved by the Committee on the Ethics of Animal Experiments of
Kanazawa Medical University (Protocol number 2017-51). Procedures
were performed using the anesthetic combination of midazolam (4 mg/
kg), medetomidine (0.3 mg/kg), and butorphanol (5 mg/kg), and all
efforts were made to minimize suffering.

MIA treatment
At E12.5, pregnant females were administered an intraperitoneal

injection of poly(L:C) (Sigma-Aldrich, St. Louis, MO, USA) at 20 mg poly
(I:C)/kg mouse weight (Smith et al., 2007). The injection volume was
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adjusted to 10 pl/g body weight. Control mice were injected with an
equivalent volume of saline. Pregnant mice were sacrificed at E13.5 (24
h after the injection), E14.5 (48 h after the injection), or E18.5 under
deep anesthesia, and fetuses were quickly collected for subsequent his-
tochemical and molecular biological analyses.

Quantitative real-time polymerase chain reaction (PCR)

For the extraction of total RNA from paraffin-embedded fetal brain sections
(15 pm thick) at E13.5, we used the ISOGEN PB kit (Nippon Gene Co., LTD.,
Tokyo, Japan). The quality and concentration of extracted RNA were assessed
using a DS-11 NanoPad (DeNovix, Wilmington, DE, USA). Genomic DNA was
digested using DNase-I following the manufacturer’s instructions (Nippon Gene
Co., LTD.). Reverse transcription was performed with DNase-I-treated RNA as a
template using SuperScript VILO reverse transcriptase (Thermo Fisher Scienti-
fic). Quantitative PCR was conducted with GeneAce SYBR® qPCR Mix o
(Nippon Gene Co., LTD.); 18S ribosomal RNA was used as an internal control.
The expression levels of activating transcription factor 4 (Atf4) were determined;
18S ribosomal RNA forward and reverse primers were used: 5'-AGGAAT-
CAAAATTTAAGGAAA-3' and 5-TTTGTCTGTCGGAAGATATG-3'. Atf4 for-
ward and reverse: 5'-CCTAGGTCTCTTAGATGACTATCTGGAGG-3 and 5'-
CCAGGTCATCCATTCGAAACAGAGCATCG-3'. PCR reactions were conducted
in duplicate using the Thermal Cycler Dice® Real Time System (TaKaRa Bio Inc,
Kusatsu, Japan) and quantified using the delta-delta-cycle threshold (Ct)
method (2724 (Livak and Schmittgen, 2001). Dissociation curve analysis was
used to confirm the specificity of the PCR products.

Immunohistochemistry

Coronal sections of paraffin-embedded fetal brains were obtained
(15 pm thick) and adhered to glass slides. Immunohistochemical ana-
lyses using 3,3'-diaminobenzidine (DAB) staining were conducted on
these tissues. The sections were microwaved in 10 mM citrate buffer (pH
6.0) for Pax6 and Tbr2 staining or 10 mM TE buffer (pH 9.0) for Atf4
staining. Endogenous peroxidase activity was quenched with 3%
hydrogen peroxide in methanol for 10 min. The sections were blocked
with 1% bovine serum albumin in phosphate-buffered saline containing
0.1% Triton X-100 (PBST). After washing with PBST, the sections were
incubated with the primary antibodies at 4 °C overnight. Primary anti-
bodies included rabbit anti-Pax6 pAb (1:2000; FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) and anti-Tbr2 pAb (1:2500;
Abcam plc, Cambridge, UK). Nonimmune rabbit IgG (Sigma-Aldrich Co.
LLC, MO, USA) was used as the negative control. After washing with
PBST, the sections were incubated with Envision+ System-HRP Labelled
Polymer Anti-Rabbit following the manufacturer’s instructions (Agilent
Technologies, CA, USA), visualized using DAB substrate (Agilent Tech-
nologies), and counterstained with hematoxylin before dehydration.
The sections were subsequently coverslipped and imaged using a
NanoZoomer C9600-03 (Hamamatsu Photonics K.K., Hamamatsu,
Japan). For immunofluorescence staining, specific staining of Pax6,
Tbr2, and Tbrl was conducted using the Opal™ 4-Color Manual IHC Kit
(PerkinElmer Japan Co., Ltd., Yokohama, Japan) following the manu-
facturer’s instructions. For staining of Tbrl, we used anti-Tbrl pAb
(1:2000; Abcam) and secondary antibodies identical to those mentioned
previously. As a negative control, we used nonimmune mouse IgG
(Sigma-Aldrich). Images were visualized using an LSM 710 confocal
microscope (ZEISS, Oberkochen, Germany). The sections were chosen
from the dorsolateral regions located anterior to the primitive hippo-
campus since previous studies have reported that MIA at midgestation
decreases the cortical area of the prefrontal association cortex in off-
springs (Kreitz et al., 2020) and induces more disorganization of cortical
wall lesions in the anterior part of the brain (Shin et al., 2017).

Quantitative analysis of histological findings

We used QuPath software (v0.2.0) (Bankhead et al., 2017) to
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evaluate immunohistochemical data. Cells were counted in fluorescent
images obtained with 40 x oil immersion magnification. A total of 4-6
sites on three slices for every 10th section were analyzed for each brain.
For this analysis, multiple brain slices from three fetuses at E13.5, four
fetuses at E14.5, and two fetuses at E18.5 were quantified per group.
Quantitative analysis was performed within the columnar areas of 100
um width for E13.5 and E14.5, from ventricular zone (VZ) to cortical
plate (CP). For slices at E18.5, we performed the analysis within the
columnar area of 50 pm of the brain wall.

Bioinformatics analysis of microarray data

Processed gene expression microarray data was obtained from the
article published in Translational Psychiatry (Garbett et al., 2012). The
data has been published as Supplemental Material 2 in the article.
Briefly, pregnant mice at E12.5 were injected with saline, or poly(I:C)
intraperitoneally at 20 mg poly(I:C)/kg mouse weight. Then, pregnant
mice were euthanized 3 h after poly(I:C) injection. Extracted RNA
quality from fetal brains was assessed using an Agilent (Palo Alto, CA,
USA) Bioanalyzer. Differentially expressed genes were noted as based on
the following points: (1) average log 2 ratio > 30%, and (2) P < 0.05
using the Student’s t-test. We extracted genes that corresponded to
candidate DEGs in the fetal brain exposed to maternal injection with
poly (I:C) following these steps. First, three different methods were
employed to induce MIA. DEGs were divided into three groups. First,
from the “A. Changed in all 3 MIA models™ list, all genes were extracted.
Second, from the “B. Changed in 2 of 3 MIA models” list, genes relevant
to the poly (I:C)-injected group were extracted. Third, from the “C.
Changed in 1 of 3 MIA models” list, genes relevant to the poly (I:
C)-injected group were extracted. By combining these three gene lists
and converting them into Entrez ID, we extracted gene identities and
transferred them into a GO enrichment analysis tool. A total of 228 of
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DEGs were analyzed by functional enrichment analyses to detect which
gene ontology (GO) terms are significantly over-represented using Shi-
nyGO v0.61 (Ge et al., 2020).

Statistical analyses

Data are presented as means + standard error. All statistical analyses
were performed using R 4.0.0 (https://www.r-project.org). Two-way
ANOVA and unpaired two-tailed Student’s t-tests were employed. P-
values of < 0.05 were considered significant for all experiments in this
study.

Results
MIA acutely increased the proportion of Pax6-positive cells

To examine the composition of NPCs after MIA at E12.5, we first
performed immunohistochemical analysis with two progenitor markers,
Pax6 and Tbr2, at E13.5 after 24 h from maternal poly(I:C) injection. In
the saline-injected and poly(I:C)-injected groups, as in normal devel-
opment, Pax6-positive cells and Tbr2-positive cells were mainly located
in the VZ and the subventricular zone (SVZ), respectively (Fig. 1A-F).
Quantitative analysis revealed there were significantly increased pro-
portions of Pax6-positive cells in the poly(I:C)-injected group (Fig. 1G).
Conversely, the proportion of Tbr2-positive cells was not significantly
different between both groups (Fig. 1G). However, the proportion of
Pax6/Tbr2 double-positive cells was also significantly increased in the
poly(I:C)-injected group compared to that in the saline-injected group
(Fig. 1G). In the developing neocortex, Tbr2-positive basal progenitor
cells (BPs) are generated from Pax6 positive radial glia, and only pro-
duce neurons. In this postmitotic neuron production, neural progenitor
cells upregulate Tbr2 and downregulate Pax6 along with the
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Fig. 1. Maternal immune activation leads to changes in the proportions of Pax6-positive progenitor cells at E13.5 (A-F) Representative immunofluorescence images
of apical neural progenitor marker Pax6 and intermediate (or basal) progenitor marker Tbr2 on E13.5, 24 h after poly(I:C) injection. Scale bars, 20 um in A-F. (G) The
proportions of Pax6-positive progenitor cells (Ctrl: 55.9% =+ 0.6%, Poly: 63.4% =+ 2.3%), Tbr2-positive progenitor cells (Ctrl: 20.7% =+ 2.5%, Poly: 24.2% + 4.0%),
and Pax6/Tbr2 double-positive progenitor cells (Ctrl: 3.8% =+ 0.6%, Poly: 7.7% =+ 0.6%) in the developing cerebral wall were quantified using the Qupath (v0.2.0)
cell detection tool. For the saline group we used 3 dams and 6 fetuses, and for Poly(I:C): Poly, 4 dams, and 8 fetuses. ventricular zone: VZ, subventricular zone: SVZ.
Data were analyzed using two-way ANOVA followed by Bonferroni post-tests. All values represent means + SEM. *p < 0.05.

75


https://www.r-project.org

T. Tsukada et al.

differentiation of NPCs (Englund et al., 2005). Therefore, there is a least
possibility that both Pax6 and Tbr2 are increased in NPCs and that NPCs
proliferate with being double positive state. Pax6 and Tbr2 double
positive cells are defined as newly born BPs, considering the time course
of marker expression of NPCs according to previous reports (Arai et al.,
2011; Englund et al., 2005). There was no difference in the total number
of cells per field in the developing cerebral wall (saline-injected group
[n = 3]: 250.2 + 10.3 cells, poly(I:C)-injected group [n = 4]: 225.1 +
15.9 cells; values represent mean + SEM). These findings suggested that
MIA acutely increased the proportion of Pax6-positive cells and newly
formed BPs.

MIA did not change the proportions of positive cells for Pax6, Tbr2, and
Tbrl atE 14.5

We next analyzed the composition of NPCs and the number of neu-
rons at E14.5 with immunohistochemistry. In the saline-injected and
poly(I1:C)-injected groups, in addition to the location of Pax6-positive
cells and Tbr2-positive cells in the VZ and SVZ, respectively, Tbrl-
positive cells were located in the CP, as in normal brain development
(Fig. 2A-H). Quantitative analysis showed there were no significant
differences in the proportion of Pax6, Tbr2, and Tbr1l-positive cells be-
tween the two groups (Fig. 2I). At E14.5, the proportion of newly formed
BPs was not different between groups (Fig. 2I). In this analysis,
regardless of the increased proportion of newly formed BPs at E13.5, we
did not observe an increased proportion of postmitotic neurons 48 h
after MIA (Fig. 2I). There was no difference in the total number of cells
per field in the developing cerebral wall (saline-injected group:
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416 + 47.5 cells, poly(I:C)-injected group: 443.6 + 27.4 cells, n = 4/
group; values represent means + SEM).

Both of apical and intermediate neural progenitor cells were increased in late
pregnancy after MIA

To observe the number and distribution of NPCs in the late embry-
onic period after exposure to MIA at E12.5, we performed immunohis-
tochemical analysis with two progenitor markers, Pax6 and Tbr2, at
E18.5. Previously, we showed that Pax6-positive radial glial cells are
decreased in wild-type mice between E11 and E18, and Tbr2-positive
intermediate progenitor cells also decline between E13 and E18
(Radakovits et al., 2009). NPCs labeled with anti-Pax6 or -Tbr2 anti-
bodies were relatively more abundant in the poly(I:C)-injected group
(Fig. 3A-D). In cropped higher magnification images, Pax6 or Tbr2
positive cells were analyzed; Many Pax6- or Tbr2-positive cells were
found in the SVZ in the poly(I:C)-injected group (Fig. 3E-I). In normal
brain development, at this late stage, the proportion of these two types
of progenitor cells decreased compared with that in the early stage, and
these cells are localized only at the VZ (Englund et al., 2005). In the poly
(I:C)-injected group, we could observe these cells in the SVZ, even in the
late embryonic stage. These findings demonstrate that MIA may cause
dysregulated corticogenesis.

GO enrichment analysis of DEGs in MIA-treated fetal brain showed cell
response to various stress

We performed GO enrichment analyses using ShinyGO v0.61. Total

Ctrl
Poly

0

Double Pax6 Tbr1 Tbr2

Fig. 2. Proportions of positive cells for Pax6, Tbr2, and Tbrl at E 14.5 after MIA (A-H) Representative immunofluorescence images of Pax6, Tbr2, and Tbrl on E14.5,
48 h after poly(I:C) injection (E14.5). Scale bars, 20 pm in A-H. (I) The proportions of Pax6-positive progenitor cells (Ctrl: 42.5 + 4.0%, Poly: 36.6 + 2.3%), Tbr2-
positive progenitor cells (Ctrl: 37.4 &+ 1.4%, Poly: 38.5 & 0.6%), Tbrl-positive neurons (Ctrl: 21.9 + 3.4%, Poly: 22.6 + 3.3%), and Pax6/Tbr2 double-positive
progenitor cells (Ctrl: 19.5 + 2.0%, Poly: 16.4 & 1.2%) in the developing cerebral wall were quantified using the QuPath (v0.2.0) cell detection tool. Control:
Ctrl, Poly(I:C): Poly, n = 4/group, ventricular zone: VZ, subventricular zone: SVZ, cortical plate: CP. Data were analyzed by two-way ANOVA. All values repre-

sent means + SEM.
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Fig. 3. Distribution of Pax6 and Tbr2 in fetal dorsal brain slices from saline-injected and poly(I:C) injected-mice on late gestation (E18.5). (A, B) Expression of Pax6
in the frontal region. (C, D) Expression of Tbr2 in the frontal region. (E) Distribution of Pax6-positive cells and mean cell numbers of each group at the width of
50 um. (F) Distribution of Tbr2-positive cells and mean cell numbers of each group at the width of 50 um. The dashed area in A-D depict the region of interest
analyzed using Qupath software (v0.2.0). The bar graph shows the mean cell numbers in each group at the width of 50 um. Control: Ctrl, Poly(I:C): Poly, ventricular
zone: VZ, subventricular zone: SVZ, intermediate zone: 1Z, cortical plate: CP, n = 3/group. Scale bars, 250 um (A-D), 20 um (E, H).
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228 DEGs were extracted from published data (Garbett et al., 2012).
Significantly over-represented GO terms of the DEGs are demonstrated
in Fig. 4. In the top 40 significantly over-represented biological process
terms, there were response to cytokine, response to decreased oxygen
levels, innate immune response, and immune response. These responses
are known to converge on the integrated stress response signaling
pathway (Bueter et al., 2009; Lin et al., 2014; Pakos-Zebrucka et al.,
2016). These results provide an insight into integrated stress response
(ISR) and ER stress response in MIA-treated fetal brain.

MIA leads to upregulated Atf4 expression in the fetal brain

Following the previous GO enrichment analyses of DEGs induced by
poly(I:C) injection, which showed the possibility of the involvement of
integrated stress response, we examined the expression level of Atf4,
which is known as an effector of integrated stress response. The level of
Atf4 increased in the fetal brain in response to MIA at E13.5 (Fig. 5).

Discussion

In this study, we showed that MIA expands the pool of Pax6-positive
NPCs and increases the process of indirect neurogenesis at 24 h; how-
ever, the number of postmitotic Tbrl-positive neurons in the developing
cerebral wall was not different between the saline-injected group and
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the poly(I:C)-injected group at 48 h in a mouse model of maternal viral
infection. Besides these results, we demonstrated that there were more
Pax6-positive and Tbr2-positive NPCs in VZ/SVZ in the poly(l:C)-
injected group than in the saline-injected group at E18.5. Specifically,
Pax6-positive NPCs were located in SVZ as well as VZ. This means Pax6-
positive NPCs were not in G1 cell cycle arrest. This is because apical
NPCs are known for undergoing interkinetic nuclear migration (Salo-
moni and Calegari, 2010). In our previous study, we showed that MIA
decreased S-phase NPCs labeled with 5-ethynyl-2-deoxyuridine after
48 h (Tsukada et al., 2015). These findings suggest that impaired neu-
rogenesis is caused by a delay of cell cycle in NPCs. In another model of
MIA, where maternal lipopolysaccharide (LPS) was injected, Stolp et al.
showed that NPC proliferation decreased as early as within hours after
MIA injection in mice (Stolp et al., 2011). They hypothesized that
decreased NPC proliferation was induced by lengthening of the G1
phase, while still proceeding in the cell cycle and that more NPCs
divided asymmetrically (Stolp et al., 2011). Despite the experimental
differences between their study and ours, such as the maternal immune
activator, timing of the injection, and time of histological analyses, the
present results of increased Pax6-positive NPCs and Pax6/Tbr2
double-positive cells at E13.5 (24 h after MIA) would be compatible
with the results of the LPS model. This is because we consider that cell
cycle extension and impaired neuron production are fundamental events
in MIA, regardless of maternal immune activator. As a potential

BP Enrichment

o}
°
o
(0]
<
o]
O
(0]
o
B -log10(FDR)
> 12
o ° l 10
- 8
S 6
O
o
o Gene count
o)
(o)
o
(o]
o)
O
@]
o
O
O
O ' ' ] ]
0.05 0.10 0.15 0.20
Rich factor

Fig. 4. GO enrichment analysis of DEGs in MIA-treated fetal brain. BPs in GO category. The x-axis shows the rich factor, which was calculated by the number of genes
assigned to the GO term divided by the number of all genes in the background list. The order of the GO terms is alphabetical. The point size represents the count of

genes enriched in a particular GO term. biological processes: BP.
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Fig. 5. Quantification of Atf4 expression in fetal brains exposed to MIA. mRNA
levels of Atf4 at E13.5. This was performed using samples from paraffin-
embedded sections. Control: Ctrl, Poly(I:C): Poly, n = 4/group. All values
represent means + SEM. *p < 0.05.

underlying mechanism that could lead to impaired neurogenesis, we
focused on the MIA-induced expression of Atf4 in the fetal brain because
of the following reasons: 1) GO enrichment analyses of DEGs suggest
that MIA acutely induced cell response to various stress in the fetal
brain, including cytokines, decreased oxygen level, immune stimuli; In
fact, it has been shown that hypoxia (Carpentier et al., 2013) and
cytokine attack (Gallagher et al., 2013) had an effect on deregulated
neurogenesis after MIA. These cells respond to hypoxia and cytokine
converge on phosphorylation of the alpha subunit of eukaryotic trans-
lation initiation factor 2 (eIF2a), the core of ISR (Pakos-Zebrucka et al.,
2016). 2) Atf4 is the main effector of ISR, which is caused by cytokines,
hypoxia, and ER stress response (Bueter et al., 2009; Lin et al., 2014;
Pakos-Zebrucka et al., 2016); and 3) Recent studies have shown that
upregulation of Atf4-mediated UPR is correlated to microcephaly caused
by direct prenatal Zika virus infection (Alfano et al., 2019; Gladwyn-Ng
etal., 2018). Although we showed that Atf4 was upregulated in the fetal
brain following MIA, indirect neurogenesis was not decreased in our
results unlike in the direct Zika virus infection model and in a genetic
model that induced Atf4-mediated UPR in developing mouse brains
(Alfano et al., 2019; Laguesse et al., 2015). We consider that these
discordant findings may arise from the severity of induced UPR, as
previous work has shown that indirect neurogenesis other than neuron
production was impaired in response to the stabilization of exogenous
Atf4 in NPCs (Frank et al., 2010). As a potential mechanism by which
Atf4 affects neurogenesis, it has been demonstrated that an overdose of
Atf4 in NPCs can slow cell cycle progression and decrease neurogenesis
(Frank et al., 2010). Based on these findings, we hypothesized that MIA
impairs neurogenesis through upregulation of Atf4 in NPCs, leading to a
delay of cell cycle exit. A latest published article has demonstrated that
MIA induced ISR in the fetal brain at E14.5 and E18.5 and that blockade
of ISR could rescue excessive neural activity and abnormal behaviors in
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the offsprings (Kalish et al., 2021), suggesting the causal relationship
between ISR and MIA-induced phenotype. This notion suggests that ISR
is also involved in the impairment of neurogenesis. One of limitations of
our study is that we did not separately analyze the offsprings by sex. We
examined UPR-related molecules, which are fundamental to maintain-
ing cellular homeostasis, because recently Atf4-mediated UPR has been
shown to regulate the balance of neurogenesis in the developing brain
(Laguesse et al., 2015). However, evidence has indicated that environ-
mental insults, such as MIA in the prenatal stage, have a higher affect in
males. In future studies, sex must be examined as an experimental var-
iable to understand the underlying mechanism by which MIA causes
such phenotypes (Braun et al., 2019). In summary, our data showed that
MIA impaired neurogenesis and upregulated Atf4 in the fetal brain.
These findings will provide a new insight in the mechanism of MIA
causing improper brain development and subsequent neuro-
developmental disorders.
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