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Maternal immune activation in mice disrupts
proteostasis in the fetal brain
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Maternal infection and inflammation during pregnancy are associated with neurodevelopmental disorders in offspring,
but little is understood about the molecular mechanisms underlying this epidemiologic phenomenon. Here, we leveraged
single-cell RNA sequencing to profile transcriptional changes in the mouse fetal brain in response to maternal immune acti-
vation (MIA) and identified perturbations in cellular pathways associated with mRNA translation, ribosome biogenesis and
stress signaling. We found that MIA activates the integrated stress response (ISR) in male, but not female, MIA offspring
in an interleukin-17a-dependent manner, which reduced global mRNA translation and altered nascent proteome synthesis.
Moreover, blockade of ISR activation prevented the behavioral abnormalities as well as increased cortical neural activity in MIA
male offspring. Our data suggest that sex-specific activation of the ISR leads to maternal inflammation-associated neurodevel-

opmental disorders.

mental influence. Transcriptional programs in the fetal brain

regulate complex and overlapping developmental processes
that ultimately shape the functional architecture of the adult
brain. Perturbations in the intrauterine environment can therefore
have profound and long-lasting effects on neurodevelopment'~.
Epidemiological data suggest that significant maternal infections
during pregnancy are associated with an increased risk of neurode-
velopmental and neuropsychiatric diseases in offspring*~’. However,
our understanding of the molecular mechanisms underpinning
the detrimental effects of adverse environmental exposures on the
development of the fetal brain remains limited.

This phenomenon has been studied in a rodent MIA model
in which offspring of pregnant mice intraperitoneally injected
with a mimetic of viral infection (synthetic double-stranded RNA
(dsRNA), polyinosinic:polycytidylic acid (poly(I:C)) exhibit pro-
nounced neurodevelopmental consequences, including impaired
social interaction and repetitive behavior®'". MIA-induced dis-
ruption of offspring neurodevelopment requires maternal type 17
helper T (T;17) cell and interleukin-17a (IL-17a) pathways’; how-
ever, the signaling mechanisms downstream of IL-17a that give
rise to MIA-associated neurodevelopmental phenotypes remain
unclear.

In this study, we used a combination of single-cell transcrip-
tomics and ribosome profiling to systematically quantify transcrip-
tional and translational changes in MIA offspring. We found that
MIA was associated with cell type- and sex-specific transcriptional
alterations in the fetal brain, and we identified a widespread disrup-
tion in the expression of genes involved in mRNA translation. These

| etal brain development is exquisitely sensitive to environ-

effects were associated with activation of the ISR via phosphory-
lation of the a-subunit of eukaryotic translation initiation factor
2 (elF2a), which led to sex-specific arrest of mRNA translation in
the fetal brain. ISR dysregulation has previously been implicated in
neurodegenerative conditions, including frontotemporal dementia
and amyotrophic lateral sclerosis, as well as the behavioral and neu-
rophysiological abnormalities associated with Down syndrome''~"*.
Strikingly, genetic reduction of phospho-elF2« levels and pharma-
cological blockade of ISR activation in the developing fetus pro-
tected against MIA-associated behavioral abnormalities. Together,
our findings provide new insight into the implications of aberrant
intrauterine ISR activation for MIA-associated neurodevelopmental
conditions and broaden our understanding of the mechanisms by
which intrauterine stress shapes neurodevelopment.

Results

Single-cell RNA sequencing of the fetal brain exposed to mater-
nal inflammation. The development of the fetal cortex requires
precise temporal and spatial coordination of gene expression and
mRNA translation. To gain insight into the cell-type-specific effects
of MIA on the developing fetal brain, we employed high-throughput
single-cell RNA sequencing (scRNA-seq) to profile gene expression
in the fetal cortex of both male and female fetuses at embryonic
days 14.5 and 18.5 (E14.5 and E18.5) in the context of MIA or a
sham saline control treatment (PBS) (Fig. la). These time points
were selected to survey critical periods in fetal brain maturation
following poly(I:C) administration at E12.5. After quality and dou-
blet filtering (quality metrics provided in Extended Data Fig. 1a),
we analyzed the transcriptomes of 37,377 cells at E14.5 and 57,953
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cells at E18.5, recovering an average of 3,529 and 2,168 unique tran-
scripts per cell, respectively.

Standard graph-based clustering methods were used to classify
E14.5 and E18.5 samples into 22 and 24 transcriptionally distinct
cell types, respectively, which were assigned identities based on
canonical marker gene expression (Fig. 1b,c). This analysis resolved
developmental, anatomical and functional cell states in the cortex,
including proliferative neural precursors, migratory radial glia, as
well as intermediate and mature neuronal subtypes. Moreover, fur-
ther clustering of major cell classes served to reveal additional devel-
opmental and functional cellular subtype heterogeneity. At E14.5,
we identified major cortical layer subtypes, interneurons, cortical
plate, cortical subplate, migrating and proliferating subventricular
zone (SVZ) cells, as well as multiple radial glia subtypes, all with
distinct transcriptional signatures (Extended Data Fig. 1b-h). At
E18.5, we identified increased diversity of cortical layer, interneu-
ronal and striatal subtypes compared with at E14.5 (Extended Data
Fig. 2a-e). Together, the developmental hierarchy of our cell type
classifications were in broad agreement with previous scRNA-seq
data from the embryonic mouse brain".

We analyzed male and female offspring independently given
previously described sex differences in the MIA phenotype'®".
While MIA did not dramatically alter the distribution of cell types
in male or female mice, differential gene expression (DGE) analy-
sis between MIA and PBS subpopulations within defined cell types
revealed profound, widespread gene expression changes in MIA
samples (Supplementary Tables 1-9). We used a false discovery rate
(FDR) value of <0.05 to define statistically significant changes in
gene expression between MIA and control offspring. We were able
to identify both shared and cell-type-specific MIA-associated gene
signatures at both E14.5 and E18.5 in neuronal and non-neuronal
subtypes (Fig. 1d,e and Extended Data Fig. 3). For example, the
expression levels of genes regulating translation were commonly
decreased in the cortical excitatory and inhibitory neurons of MIA
male offspring compared with those of PBS male or MIA female
offspring (Fig. le). Gene Ontology (GO) analysis of differentially
expressed genes in select cell types suggested widespread disrup-
tion of networks associated with mRNA trafficking and cytoplasmic
translation (Fig. 1f). We identified altered transcription of numer-
ous eukaryotic translation initiation and elongation factors across
several cell types when comparing MIA males and PBS males.
Specifically, when comparing MIA males with PBS males in layer
II-IV cortical neurons at E18.5, we found decreased expression
of Eif3e, Eif3k, Eef2 and Eeflg, all of which are critical for protein
synthesis (Fig. 1g). In this same cell cluster, we identified decreased

expression of several transfer RNA synthetases in MIA males,
including Farsb and Nars (Fig. 1g). Aminoacyl-tRNA synthetase
factors help maintain translational fidelity and are essential compo-
nents of the protein biosynthesis machinery'®. Finally, we identified
decreased expression of Eif2s1 in MIA males, which encodes eIF2a,
which is a central regulatory protein in cellular translation (Fig. 1g).
Additionally, many genes encoding ribosomal subunits (for exam-
ple, Rps8, Rps10 and Rpl13) were downregulated in MIA male off-
spring relative to PBS male offspring at E14.5, and to a lesser extent
at E18.5 (Fig. 2a and Extended Data Fig. 4a).

Interestingly, we found that a large proportion of the transcrip-
tional effects of MIA on male mice were sex-dependent; that is,
male and female MIA offspring demonstrated prominent differ-
ences in cell-type-specific gene expression across numerous cell
types (Fig. le,h and Extended Data Fig. 3). We applied a multifactor
statistical analysis to identify genes with altered cell-type-specific
expression changes with MIA exposure between males and females.
Similar to comparisons between MIA and PBS male offspring, MIA
male offspring exhibited profound changes in ribosomal-, stress-
and translation-associated genes across many cell types compared
to MIA female offspring (Fig. 2b and Extended Data Fig. 4b). At
E14.5 in particular, male MIA offspring demonstrated a near-global
reduction in expression of ribosomal-subunit genes compared with
male PBS offspring, whereas female MIA offspring demonstrated
few changes in ribosomal subunit genes compared with female PBS
offspring (Extended Data Fig. 4c,d). Comparisons between PBS
male and female offspring revealed some sex-specific expression of
ribosomal-subunit genes in select cell types at E14.5 and E18.5, but
these changes were far less prevalent than in the MIA male with
PBS male or MIA female comparisons (Extended Data Fig. 5). A
GO analysis of differentially expressed genes in the multifactor
analysis between MIA males and females revealed several broad
and cell-type-specific functional pathways, but the regulation of
translation emerged as a common biologic process altered in many
cell types (Fig. 1i). For example, in layer II-IV cortical neurons,
we found sex-dependent expression of Ttfl, which is a nucleolar
protein involved in the Pol-I-mediated transcription of ribosomal
genes and ribosome biogenesis'*** (Fig. 1j). When compared within
sex groups, Ttfl was increased in MIA males (FDR=3.1X107)
and decreased in MIA females (FDR=1.5%10"%") relative to
sex-matched PBS controls. We also found sex-dependent expression
of the stress-responsive factors ATF4 (decreased in MIA females
relative to PBS females, FDR=0.033) and ATF7 (decreased in MIA
females relative to PBS females, FDR=1.04x 107*) (Fig. 1j). ATF4
controls the expression of adaptive genes that facilitate cell survival
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Fig. 1| Single-cell sequencing of the fetal brain at E14.5 and E18.5 in the setting of MIA. a, Schematic overview of the experimental design, including
dissociation of embryonic cortices, single-cell encapsulation and library preparation. b, UMAP of all analyzed E14.5 cells, with cell types labeled by color
(n=22 clusters). Data from n=2 mice per group. ¢, UMAP of all analyzed E18.5 cells, with cell types labeled by color (n=24 clusters). Data fromn=2

mice per group. d, Strip plot displaying DGE between MIA male offspring and PBS male offspring at E14.5. Colored dots represent significant genes
(FDR<0.05). The x axis displays select cortical cell types. Data from n=2 mice per group. e, Heatmap of single-cell gene expression changes of select
genes in two cell types at E14.5: Neurod2-positive cortical excitatory neurons (A) and Gad2-positive inhibitory neurons (B). Comparisons labeled ‘PBS male’
are pairwise comparisons between PBS males and MIA males. For these comparisons, blue corresponds to increased expression in MIA males, while pink
corresponds to decreased expression in MIA males. Comparisons labeled ‘MIA female’ are multifactor comparisons measuring the difference between the
changes in expression with MIA between male and female mice. For these comparisons, blue corresponds to an increase in the difference between MIA

and PBS expression levels in males, while pink corresponds to a decrease in this difference. Data from n=2 mice per group. f, GO analysis of differentially
expressed genes (FDR < 0.05) between MIA and PBS male offspring in select cell types at E14.5. The x axis displays the fold-enrichment relative to the
reference gene set. Data from n=2 mice per group. g, Volcano plot of MIA-dependent gene expression in layer II-IV cluster A neurons at E18.5. Colored

dots indicate statistical significance (FDR < 0.05). Positive log,(FC) (red dots) indicates higher gene expression in PBS males (M) relative to MIA males, and
negative log,(FC) (blue dots) indicates higher gene expression in MIA males relative to PBS males. Data from n=2 mice per group. h, Strip plot displaying
sex-dependent gene expression in MIA offspring at E14.5. Colored dots represent significant genes (FDR < 0.05). The x axis displays select cortical cell types.
Data from n=2 mice per group. i, GO analysis of sex-dependent genes in MIA offspring in select cell types at E14.5 (FDR < 0.05). The x axis displays the
fold-enrichment relative to the reference gene set. Data from n=2 mice per group. j, Volcano plot of sex-dependent gene expression in MIA male and female
(F) offspring in layer II-1V cluster A neurons at E18.5. Colored dots indicate statistical significance (FDR < 0.05) by interaction term analysis to identify genes
that vary by sex with MIA exposure. Negative log,(FC) values indicate A(PBS M - MIA M) < A(PBS F—MIA F). Data from n=2 mice per group.
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during periods of stress, such as hypoxia or starvation, and has been
implicated in neurodegeneration®'. These findings suggest that MIA
may induce cell-type- and sex-specific transcriptional alterations in
the fetal brain.

MIA disrupts protein synthesis in the fetal brain. Given
our finding that cytoplasmic translation was a common path-

way dysregulated in male MIA offspring, we sought to directly
assess the effects of MIA on global protein synthesis in the fetal
mouse brain. We employed a modified version of the previously
described surface sensing of translation (SUnSET) method®. In
this approach, the puromycin analog O-propargyl-puromycin
(OPP) serves as a structural mimic of aminoacyl-tRNAs and is
incorporated into nascent polypeptide chains*>. OPP labeling per-
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a MIA-dependent gene expression in males at E14.5
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Fig. 2 | Single-cell DGE changes at E14.5. a, Bubble plot of highly variable genes between MIA and PBS male offspring at E14.5, demonstrating a
widespread decrease in the expression of multiple ribosomal subunits in MIA male offspring. All significant genes had FDR values of <0.05. Blue indicates
an increase in MIA males while red indicates an increase in PBS males. Data from n=2 mice per group. b, Bubble plot of sex-dependent genes in MIA
offspring at E14.5, demonstrating a widespread decrease in the expression of multiple ribosomal subunits in MIA male offspring. All significant genes had
FDR values of <0.05. Blue indicates an increase in A(MIA males - PBS males) while red indicates an increase in A(MIA females - PBS females). Data from

n=2 mice per group.

mits subsequent fluorescent tagging of the modified polypeptides
via a click-chemistry reaction, thereby enabling the quantitative
measurement of protein synthesis within tissues. Fetal cortical tis-
sue from E18.5 controls and MIA offspring were incubated with
OPP, followed by a click-chemistry reaction with tetramethylrho-
damine (TAMRA) azide and subsequent SDS-polyacrylamide
gel electrophoresis (PAGE). Protein synthesis was quantified by
comparing the TAMRA signal (new protein) over the Coomassie
signal (total protein). We found that nascent protein synthesis
was decreased only in the cortex of male MIA offspring (Fig. 3a).
This finding was consistent with our scRNA-seq data, which sug-
gested that there are deficits in ribosome-subunit expression in
MIA male offspring.
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Activation of the ISR in male MIA offspring. To explain the
finding that there is a significant reduction in nascent protein
synthesis in MIA male fetal brains, we hypothesized that altera-
tions in fetal brain translation in response to MIA might be due
to activation of the ISR. The ISR is an adaptive mechanism that
can be activated under physiologic or pathologic conditions to
execute a global reduction in protein synthesis as a means to shift
resources toward cell survival. The phosphorylation of eIF2a at
serine 51 is the critical regulatory hub in the activation of the
ISR* (Fig. 3b). Probing with an eIF2a phospho-specific antibody,
we found a strong induction of eIF2a phosphorylation specifi-
cally in the brain of male MIA offspring (Fig. 3c). By contrast, we
observed no changes in the levels of ribosomal protein S6 kinase
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Fig. 3 | MIA inhibits protein translation in the fetal brain via the ISR. a, Images (top) and quantification (bottom) of TAMRA-conjugated proteins

labeled by OPP, extracted and isolated by SDS-PAGE and analyzed by fluorescence scanning at 532 nm. A representative section of Coomassie-stained

gel is shown for loading comparison (two-way ANOVA: sex (male or female) x stimulus (PBS or MIA) interaction, f,,,=5.874, P=0.0295; effect of

sex, F11,=0.4167, P=0.5290; effect of stimulus, f,,,=7.462, P=0.0162, followed by Tukey's multiple comparisons test: PBS male versus MIA male,
**P=0.0082; n=>5 PBS male and 5 MIA male mice, n=4 PBS female and 4 MIA female pups; 3 independent litters for PBS, 2 independent litters for

MIA). NS, not significant. b, Schematic representation of the regulation of translation initiation through elF2a-dependent regulation and mTOR-dependent
regulation. ¢, Immunoblot image (left) analysis measuring phospho-elF2a (pelF2a) and phospho-PERK (pPERK) levels and quantification (right) for
phospho-elF2a in E18.5 PBS and MIA fetal cortices. The y axis represents the relative blot intensity to PBS male control mice (two-way ANOVA: sex (male
or female) x stimulus (PBS or MIA) interaction, F,,,=8.229, P=0.0089; effect of sex, F,,,=3.939, P=0.0598; effect of stimulus, F, ,,=7.567, P=0.0117,
followed by Tukey's multiple comparisons test: PBS male versus MIA male, ***P=0.0009, PBS female versus MIA male, *P=0.0118, MIA male versus

MIA female, **P=0.0097; n=7 PBS male mice, n=9 MIA male mice, n=5 PBS female and 5 MIA female pups; 3 independent litters). d, Immunoblot
image (left) analysis measuring phospho-elF2a and phospho-PERK levels and quantification (right) for phospho-elF2a in isotype-antibody treated or IL-
17a-blocking-antibody-treated E18.5 PBS and MIA fetal cortices. The y axis represents the relative blot intensity to the isotype-antibody-treated PBS control
(phospho-elF2a: one-way ANOVA, F,,;=14.88, P=714x107°, Tukey's multiple comparisons test: PBS isotype antibody versus MIA isotype antibody,
****P=5.58%10-° MIA isotype antibody versus MIA anti-IL-17a, **P=0.0083; phospho-PERK: one-way ANOVA, F,,;=7.259, P=0.0036, Tukey's multiple
comparisons test: PBS isotype antibody versus MIA isotype antibody, **P=0.0036; MIA isotype antibody versus MIA anti-IL-17a, *P=0.0423; n=8 mice
each for PBS isotype antibody and MIA anti-IL-17a, n=10 mice for MIA isotype antibody; 3 independent litters). Data are shown as the mean+s.e.m.; see
Supplementary Table 20 for detailed statistics. Unprocessed blots are provided in the source data.
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Fig. 4 | Alterations in the translational landscape of the MIA fetal brain. a, Schematic of experimental approach for ribosome profiling. b, The percentage
of ribosome-profiling reads in frame O by experimental condition. Data are shown as the mean +s.e.m. Data are from n=7 PBS and n=7 MIA mice, each
from 2 independent litters. ¢, Bar graph of ORF subtypes based on transcript types and ORF locations between all experimental groups. Data are shown as
the mean +s.e.m. For individual data underlying this plot, see Supplementary Table 21. Data are from n=7 PBS and n=7 MIA mice, each from 2 independent
litters. d, Quadrant plot of transcriptional and translational changes in MIA male offspring compared with PBS male offspring. Genes significant only in the
total mRNA-seq are in blue, genes significant only in the ribo-seq are in red, and genes significant in both are in green. Significant transcripts have a FDR
value of <0.05. Positive log,(FC) values indicate an increase in the PBS group. Data are from n=7 PBS and n=7 MIA mice, each from 2 independent litters.
e, Quadrant plot of transcriptional and translational changes in MIA female offspring compared with PBS female offspring. Transcripts significant only in the
total mRNA-seq are in blue, transcripts significant only in the ribo-seq are in red, and transcripts significant in both are in green. Significant transcripts have
a FDR value of <0.05. Positive log,(FC) values indicate an increase in the PBS group. Data are from n=7 PBS and n=7 MIA mice, each from 2 independent
litters. f, Heatmap of log,(FC) values of transcriptional (RNA-seq) and translational (ribo-seq) changes in MIA males and females relative to sex-matched
PBS controls. Genes are known targets of the ISR response to chronic stress* and the translational machinery. Black outlines indicate statistically significant
(FDR < 0.05) changes relative to corresponding sex-matched PBS controls in a multifactor edgeR analysis. Positive log,(FC) values, shown in red, indicate an
increase in the PBS group, while negative log,(FC) values, shown in blue, indicate an increase in the MIA group. Data are from n=7 PBS and n=7 MIA mice,

each from 2 independent litters.

(S6K) phosphorylation, which is a distinct point of translational
control (Extended Data Fig. 6a).

elF2a phosphorylation can be triggered by a diverse array of cel-
lular stressors” and is mediated by four cellular kinases, three of
which—protein kinase R (PKR), PKR-like endoplasmic reticulum
kinase (PERK) and general control nonderepressible 2 (GCN2)—
are present in the brain. The activity of these eIF2a kinases can be
monitored via a series of phospho-specific antibody reagents that
recognize kinase autophosphorylation that occurs when the kinase is
activated. Blotting fetal cortical lysates with these antibodies revealed
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that PERK, but not PKR or GCN2, was specifically activated in the
cortex of male MIA offspring (Fig. 3c and Extended Data Fig. 6b).
PERK is triggered by endoplasmic reticulum (ER) stress and the
unfolded protein response (UPR), which suggests that these processes
are critical signaling mechanisms in MIA®. To test whether MIA acti-
vates other sensors of the UPR, we performed immunoblotting for
inositol-requiring enzyme la (IREla) and activating transcription
factor 6 (ATF6) levels in the E18.5 brain. We found that phosphoryla-
tion of IRE1a was increased in the brain of male MIA offspring, while
cleaved ATF6 was unchanged (Extended Data Fig. 6¢).
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Fig. 5 | Genetic ablation of ISR protects against excessive neural activity in
phospho-PERK and phospho-S6K (pSéK) levels and quantification (bottom)

MIA offspring. a, Immunoblot image (top) analysis measuring phospho-elF2a,
for phospho-elF2a in WT and elF20°5'*/*+ E18.5 male fetal cortices. The y axis

represents the relative blot intensity to the WT PBS fetal cortices (two-way ANOVA: stimulus (PBS or MIA) x genotype (WT or elF20>'"/*) interaction,
F11,=6.055, P=0.03; effect of stimulus, F,;,=10.88, P=0.0064; effect of genotype, F,;,=18.34, P=0.0011; followed by Tukey's multiple comparisons test:

PBS WT versus MIA WT, **P=0.0073, MIA WT versus PBS elF2a>'"*, ***P=

0.0008; MIA WT versus MIA elF2a55'*, **P=0.0022; n=4 pups from 2

independent litters). b, Image (top) and quantification (bottom) of TAMRA-conjugated proteins labeled by OPP, extracted and isolated by SDS-PAGE and
analyzed by fluorescence scanning at 532 nm. A representative section of a Coomassie-stained gel is shown for loading comparison (two-way ANOVA:
stimulus (PBS or MIA) x genotype (WT or elF2a'*/*) interaction, F,,,=14.35, P=0.0012; effect of stimulus, F,,,=3.265, P=0.0858; effect of genotype,
Fi50=7.283, P=0.0138; followed by Tukey's multiple comparisons test: PBS WT versus MIA WT, **P=0.004, MIA WT versus PBS elF20%'"+, *P=0.0221;

MIA WT versus MIA elF20%5%+, ***P=0.0004; n=5 PBS WT pups and PBS

elF20%5%* pups from 3 independent litters, n=7 MIA WT pups and MIA

elF2a%5'%/+ pups from 3 independent litters). ¢, Top: representative images of brain tissue from 8-10-week-old mice immunostained for c-Fos. Conditions

are MIA and PBS WT and elF20°>'*+ male mice. Scale bar, 100 pm. Bottom: g

uantification of c-Fos puncta per mm? (two-way ANOVA: stimulus (PBS or

MIA) x genotype (WT or elF20*'*/*) interaction, F,;;=8.320, P=0.0149; effect of stimulus, F,;,=9.007, P=0.0121; effect of genotype, F,.,=2.798, P=0.1226;
followed by Tukey's multiple comparisons test: PBS WT versus MIA WT, **P=0.0056; MIA WT versus PBS elF2a%'%/+, *P=0.0373, MIA WT versus MIA
elF2a55'%/+, *P=0.0281; n=3 PBS elF2a%>'"* pups, n=4 pups per group for PBS WT, MIA WT and MIA elF2a°>'*’+; 2 independent litters per group.) Data are

shown as the mean + s.e.m.; see Supplementary Table 20 for detailed statisti

We have previously shown that behavioral abnormalities in
MIA offspring are mediated by maternal induction of the inflam-
matory cytokine IL-17a°. To test whether activation of ISR in the
MIA offspring is dependent on maternal IL-17a, we pretreated
pregnant dams with either a control or a IL-17a-blocking anti-
body 5h before introducing poly(I:C). Administration of the
IL-17a-blocking antibody, but not an isotype-matched control anti-
body, completely suppressed MIA-induced elF2a and PERK phos-
phorylation in the male fetal cortex (Fig. 3d), which demonstrates
that PERK-mediated ISR activation in the fetal brain is dependent
on maternal IL-17a. Furthermore, previous reports demonstrated
that Ty17-cell-inducing mouse commensal bacteria, segmented
filamentous bacteria (SFB), is required for maternal induction of

210

cs. Unprocessed blots are provided in the source data.

the pro-inflammatory cytokine IL-17a after MIA**”. In line with
this finding, we did not observe activation of the ISR in the brains
of MIA offspring from SFB-negative dams (Extended Data Fig. 7).
This result suggests a mechanistic link between the microbiome,
maternal IL-17a and the fetal brain stress response.

MIA alters the translational landscape of the fetal brain.
Activation of the ISR restructures global mRNA translation in two
stages®. First, cellular stress induces phosphorylation of elF2a,
which transiently attenuates protein synthesis through inhibition
of cap-dependent translation. After resolution of cellular stress,
increased expression of GADD34—a regulatory subunit of the phos-
phatase that dephosphorylates eIF2a—facilitates cap-independent
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Fig. 6 | Genetic ablation of ISR protects MIA offspring against neurobehavioral abnormalities. a,b, Percentage of interaction (a) (two-way ANOVA: group
(PBS WT, MIA WT, PBS elF2a%5'*/+ or MIA elF20%>'"/+) X preference to the target (social target or inanimate) interaction, F3,,5=19.23, P=3.214 X107
effect of preference to the target, F,;,5=170.1, P=1.0x10"; followed by Sidak's multiple comparisons test-within group: PBS WT, ****P=7.9x107°;

PBS elF 205"+, ****P =119 x 107", MIA WT, P=0.7772; MIA elF205*+, ****P=2 x10~"5; two-way ANOVA: stimulus (PBS or MIA) x genotype (WT

or elF2a'"/*) interaction, F, 5, =5.275, P=0.0252; effect of stimulus, F,s,=5.100, P=0.0276; effect of genotype, F,5,=12.56, P=0.0008; followed

by Tukey's multiple comparisons test: PBS WT versus MIA WT, **P=0.0054; MIA WT versus PBS elF2a%>"+, ***P=0.0008; MIA WT versus MIA
elF2a5/+, ***P=0.0001) and total distance moved (b) (two-way ANOVA: stimulus (PBS or MIA) x genotype (WT or elF20*'*/*) interaction, F,s,=0.1195,
P=0.7308; effect of stimulus, F,5,=0.2629, P=0.6101; effect of genotype, F,5,=0.6928, P=0.4086) in the three-chamber sociability test of WT and
elF2a%5'%/+ adult PBS and MIA offspring littermates (n=14 PBS WT mice, n=11 PBS elF2a%'*/* mice, n=22 MIA WT mice, n=16 MIA elF2a5'"/* mice;

4 independent experiments). ¢, Images (left) and quantification (right) of the marble-burying index of WT and elF2a%>'*+ adult PBS and MIA offspring
littermates (two-way ANOVA: stimulus (PBS or MIA) x genotype (WT or elF20*>'*/*) interaction, F,3;=28.180, P=0.0068; effect of stimulus, F, ;3=5.410,
P=0.0255; effect of genotype, f,33=3.111, P=0.0858; followed by Tukey's multiple comparisons test: PBS WT versus MIA WT, **P=0.0025; MIA WT
versus PBS elF2055'"+, *P=0.0292; MIA WT versus MIA elF2a55"/+, **P=0.0045; n=9 PBS WT mice, n=_8 PBS elF2055/* mice, n=14 MIA WT mice,
n=11 MIA elF2a%'"* mice; 3 independent experiments). Data are shown as the mean +s.e.m.; see Supplementary Table 20 for detailed statistics.

translation of stress-adaptive transcripts, while also feeding back
to promote dephosphorylation of eIlF2a®. Stress-adaptive tran-
scripts necessary to promote cell survival are translated through
cap-independent mechanisms, including internal ribosome entry
site (IRES) and alternative initiation mechanisms?®.

We sought to measure the changes associated with MIA in this
dynamic process at codon-level resolution. Therefore, we per-
formed deep sequencing of ribosome-protected mRNA fragments
(ribo-seq) at E18.5 in parallel with bulk RNA-seq from the same
biologic sample® (Fig. 4a and Supplementary Tables 9-19). DNA
libraries prepared from ribosome-protected mRNA fragments
using established methods™ were sequenced to a depth of ~80 mil-
lion reads per sample and showed expected periodicity indicative
of high-quality ribosome profiling (Fig. 4b). We characterized the
translated open reading frames (ORFs) based on transcript types
and ORF locations, including canonical ORFs, upstream ORFs in
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5" untranslated regions (WORFs), downstream ORFs in 3’ untrans-
lated regions (dORFs) and annotated noncoding ORFs (ncORFs)
using RiboORF*' (Fig. 4c). Although some studies have suggested
that acute ISR increases the usage of uORFs, we did not observe
any statistically significant differences in the distribution of expres-
sion between experimental groups for any of the ORF classes. Such
changes in uORF utilization may occur earlier than the selected
E18.5 time point. We identified transcripts with significant changes
in transcription, translation or both in MIA males and females
relative to sex-matched PBS controls (Fig. 4d-f). Both male and
female MIA offspring showed reduced translation of Eif4b, which
is an important regulator of cap-dependent translation®” (Fig. 4d,e).
Additionally, both male and female MIA offspring demonstrated
reduced translation of the transcription initiation factor TafI5,
thereby suggesting a negative effect on global transcription® (Fig.
4d,e). Conversely, MIA females showed significantly increased
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translation of Chd1, which encodes a chromatin remodeler, whereas
translation of Chdl was significantly decreased in MIA males (Fig.
4d,e). Chdl is necessary for nucleosomal dynamics during stress,
and impairment in CHDI1 function may contribute to neurodegen-
eration*. We also observed a number of sex-dependent translation
events among ISR downstream target genes that might contribute
to female resiliency to MIA. For example, female MIA offspring had
significantly increased translation of Eif4g2, whereas there was no
significant change in translation in male MIA offspring (Fig. 4f).
Eif4g2 encodes the protein DAP5 and is an alternative translation
initiation factor that promotes cap-independent translation™*.
Both males and females demonstrated reduced translation of Eif5b
with MIA, but this decrease was significantly greater in male MIA
offspring (Fig. 4f). Eif5b is important for translation when eIF2a is
phosphorylated in stress conditions™.

In summary, MIA offspring—both male and female—exhibit
profound changes in mRNA translation, but female offspring
exhibit distinct translational differences that may promote adapta-
tion and resiliency to intrauterine inflammation.

Blockade of ISR activation attenuates excessive neural activity
in MIA offspring. We next sought to determine whether attenua-
tion of ISR activation could rescue MIA-associated neurobehavioral
phenotypes. To genetically dampen ISR activation, we utilized mice
harboring a knock-in allele in which eIF2a serine 51 is replaced
with an alanine (eIF20'*), rendering it refractory to ISR-induced
phosphorylation and thus blocking ISR pathway activation®. We
crossed wild-type (WT) B6 females with heterozygous elF205>'A*
males, then injected poly(I:C) to induce MIA at E12.5. We first
examined the resulting levels of phosphorylated eIF2a in E18.5 cor-
tices of WT or eI F2a5'* littermate MIA offspring. eIF20%*'#* male
MIA offspring showed similar levels of eIF2a phosphorylation to
the WT offspring of control PBS-treated dams, thereby confirming
an attenuation of the ISR in these animals (Fig. 5a). As expected,
levels of phospho-PERK remained elevated in MIA elF205*'A"* off-
spring (Fig. 5a), which confirms that PERK functions upstream of
elF2a. Accordingly, we also confirmed that decreased nascent pro-
tein synthesis in the WT MIA offspring was reversed in the cortex
of eIF20%°'~/* littermate MIA offspring (Fig. 5b).

MIA offspring have previously been shown to display an abnor-
mal increase in cortical neural activity, as measured by c-Fos, in
the primary somatosensory cortex, including its dysgranular zone
(S1DZ)". Optogenetic modulation of neural activity in SIDZ regu-
lates social preference in MIA offspring'’. We tested whether ISR
blockade also rescued the aberrant increase in cortical c-Fos. We
confirmed that male MIA offspring demonstrated an increase in
c-Fos expression in the cortex compared with male PBS offspring
(Fig. 5¢). By contrast, male eIF2a%'#* MIA offspring exhibited a
statistically significant reduction in cortical c-Fos expression com-
pared with male WT offspring (Fig. 5¢). MIA female offspring did
not exhibit a significant change in c-Fos expression compared with
PBS offspring (Extended Data Fig. 8a). This result supports a model
in which the ISR is a central regulatory hub necessary for molecular
phenotypes of MIA.

Blockade of ISR activation rescues the neurobehavioral pheno-
type in MIA offspring. We next examined the effects of ISR attenu-
ation on MIA-induced behavioral abnormalities. Previous studies
have demonstrated that MIA male offspring have reproducible defi-
cits in sociability and repetitive behavior (marble burying)”'°. We
performed behavioral assessment of eIF20%°'A"* and WT littermates
from MIA and PBS control pregnancies. Consistent with prior
results, WT MIA offspring demonstrated a loss of social prefer-
ence compared with WT PBS offspring (Fig. 6a). eIF20%'4* MIA
offspring showed normal social preference compared with litter-
mate WT MIA offspring. Total distance moved, a measurement of

activity or arousal during the sociability test, was indistinguishable
between elF20%*'#* and WT littermates (Fig. 6b). In addition, WT
MIA offspring exhibited increased marble-burying behavior, while
elF2055'A+ MIA offspring exhibited similar marble-burying behav-
ior to PBS offspring (Fig. 6¢). MIA-driven behavioral abnormalities
in the offspring were not present in the female offspring (Extended
Data Fig. 8b,c).

To further corroborate the importance of the ISR to the behav-
ioral phenotype in MIA male offspring, we treated pregnant dams
with the ISR inhibitor ISRIB every other day after PBS or poly(I:C)
injection. ISRIB rescues translation in the setting of eIF2a phos-
phorylation by promoting assembly of eIF2B**-*!. The male MIA
offspring from ISRIB-treated mothers exhibited normalization of
social interaction and marble-burying behavior (Extended Data
Fig. 9a,b). These data suggest that partial genetic and pharmacologi-
cal blockade of the ISR are able to prevent MIA-associated behav-
ioral abnormalities.

Discussion

In this study, we explored the mechanisms by which intrauterine
inflammation shapes early neurodevelopment. We profiled the tran-
scriptional and translational signatures of MIA and identified key
pathways perturbed by intrauterine inflammation. Dysregulation of
protein homeostasis (proteostasis) has previously been implicated
in a wide variety of cognitive and neurodevelopmental disorders®,
and the coordination between protein synthesis and breakdown
plays a critical role in the regulation of neural circuit development
and synaptic plasticity’>*'. Here, we showed that MIA exerts an
intrauterine, sexually dimorphic effect on cell-type-specific tran-
scription, with a disruption in genes associated with translation.
These results have notable similarities to cell-type-specific tran-
scriptional changes observed in the aging brain, including changes
in ribosome-biogenesis-associated genes*. Our results also support
the earlier findings of altered expression of translation initiation
factors in the fetal brain in response to maternal lipopolysaccha-
ride exposure*’. Disruption of proteostasis may therefore be a com-
mon pathway in both neurodevelopmental and neurodegenerative
disease.

In the present study, we identified activation of the ISR in male
MIA offspring, and found that ISR activation is dependent on
maternal IL-17a (and on gut bacteria promoting T;17 cells), which
sheds new mechanistic insight into the role of IL-17a in mediating
MIA-associated neurodevelopmental disorders. We also demon-
strated that activation of the ISR in MIA offspring is necessary for a
core behavioral phenotype, as genetic attenuation of the ISR rescued
social and repetitive behavioral dysfunction in MIA male offspring.
We observed activation of PERK, an upstream eIlF2a kinase, in male
MIA offspring, which suggests that ER stress is a fundamental com-
ponent of the early cellular response to MIA. This is in contrast to
recent studies of a mouse model of Down syndrome, which iden-
tified PKR as the primary ISR-associated kinase''. Based on our
results, we propose a model by which maternal-derived IL-17a trig-
gers ER stress in the fetal cortex, thereby activating the ISR, arrest-
ing protein synthesis and promoting chronic, unresolved stress at
this critical stage of neurodevelopment. Moreover, our data suggest
that there is a sex-specific vulnerability to ISR activation in the fetal
brain. While male offspring have a more prominent disruption of
translation machinery than females, both male and female offspring
exhibited transcriptional changes in response to MIA. Female off-
spring may possess resiliency factors that attenuate chronic stress,
which warrants further study. The sexually dimorphic response to
MIA has been previously described'®'”*’, and our results are consis-
tent with prior reports suggesting sex-specific effects of intrauterine
stress*. The present study adds molecular insight into this phenom-
ena and expands our knowledge of sex-specific transcription in the
developing brain at single-cell resolution. Additional studies are
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necessary to elucidate the cellular mechanisms by which the male
fetal brain is especially susceptible to IL-17a, including possible
roles of intrauterine neuroendocrine signaling.
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Methods

Animals. All animals were housed in a specific pathogen-free facility with
20-22°C, 40-55% humidity and 12-h light/12-h dark cycle. All experiments were
conducted in accordance with procedures approved by the Institutional Animal
Care and Use Committees of Harvard University. All WT C57BL/6 mice were
obtained from Taconic Biosciences except for those used in experiments presented
in Extended Data Fig. 7 (which were from The Jackson Laboratory). The generation
and validation of eIF2a™''* mice has been previously described™.

MIA. Mice were mated overnight with 8-12-week-old C57BL/6 females carrying
a mouse commensal SFB**”’. For the experiments presented in Extended Data Fig.
7, both C57BL/6 males and females were directly purchased from The Jackson
laboratory, mated overnight and maintained as SFB-free. To generate WT and
elF205°'4* littermates, we mated WT C57BL/6 Taconic females with SFB-positive
elF20%°'** males. On E12.5, pregnant mice were weighed and injected with a
single dose (20 mg perkg, intraperitoneal injection) of poly(I:C) (P9582 or P1530,
Sigma Aldrich) or PBS. Each dam was returned to its cage and left undisturbed
until the birth of her litter. All pups remained with the mother until weaning

on postnatal days 21-28, at which time mice were group-housed at a maximum
of five per cage with same-sex littermates. For collecting embryonic tissues,
pregnant dams were killed either on E14.5 or E18.5. Embryonic cortices were
freshly dissected and processed. For the IL-17 cytokine blockade experiment, a
monoclonal IL-17a-blocking antibody (clone 50104, R&D) or an isotype control
antibody (IgG2a, clone 54447, R&D) was intraperitoneally injected (500 pug per
animal) 5h before MIA. For ISRIB treatment, pregnant mice were injected with
2.5mgper kg ISRIB or vehicle followed by PBS or poly(I:C) injection every 2 days
from E12.5 to E18.5 as previously described'’. Sex of the embryos was determined
by PCR of the Sry gene (forward: 5'- ACAAGTTGGCCCAGCAGAAT-3’, reverse:
5'-GGGATATCAACAGGCTGCCA-3).

scRNA-seq. Samples were processed for scRNA-seq as previously described™.
Embryonic cortices at E14.5 and E18.5 were transferred to dissociation medium,
which contained the following: HBSS (Life Technologies), 10 mM HEPES buffer
(Sigma), 172 mg per liter kynurenic acid (Sigma), 0.86 g per liter MgCl,-6H,0
(Sigma), 6.3 g perliter -glucose (Sigma), 1 uM tetrodotoxin, 100 uM AP-V
(Thermo Fisher Scientific), 5ugml~" actinomycin D (Sigma), 10 uM triptolide
(Sigma) and 10 ugml™" anicomycin (Sigma). This solution was saturated with
95% O, and 5% CO, and was pH-adjusted to 7.35 before use. Papain (20 U perml;
Worthington), pronase from Streptomyces griseus (1 mgml~'; Sigma), proteinase
XXIII from Aspergillus melleus (3 mgml~'; Sigma) and DNase (2mgml™;
Worthington) were added to the dissociation medium. Dissociation was carried
out at 37°C for 1h. The samples were then triturated, filtered and spun at 300 x g
for 5min. The pellet was resuspended in trypsin inhibitor solution (dissociation
medium with 1% BSA and 1% ovomucoid). Following gradient centrifugation
(70 x g for 10 min), the cells were washed in dissociation medium containing 0.04%
BSA and resuspended in dissociation medium containing 0.04% BSA and 15%
OptiPrep (Sigma). Individual cells were captured and barcoded using the inDrops
platform as previously described’'. Briefly, single-cell suspensions were fed into a
microfluidic device that packaged the cells with barcoded hydrogel microspheres
and reverse transcriptase/lysis reagents. After cell encapsulation, primers were
photoreleased by exposure to ultraviolet light. Indexed libraries were pooled and
sequenced on a NextSeq 500 (Illumina).

scRNA-seq data analysis. Sequencing data were aligned to the genome and
processed according to a previously published pipeline (https://github.com/
indrops/indrops). Briefly, this pipeline was used to build a custom transcriptome
from Ensembl GRCm38 genome and GRCm38.84 annotation using Bowtie 1.1.1,
after filtering the annotation gtf file (gencode.v17.annotation.gtf filtered for
feature_type="gene”, gene_type="protein_coding" and gene_status="KNOWN").
Unique molecular identifiers were used to link sequence reads back to individual
captured molecules. All steps of the pipeline were run using default parameters
unless explicitly stated.

All cells were combined into a single dataset. All mitochondrial genes were
filtered from the dataset. Cells with fewer than 250 or more than 2,500 unique
genes were excluded. Cells were then clustered using the Seurat R package. The
data were log-normalized and scaled to 10,000 transcripts per cell. Variable genes
were identified using the following parameters: x.low.cutoff = 0.0125, x.high.cutoff
= 3, y.cutoff = 0.5. We limited the analysis to the top 30 principal components.
Clustering resolution was set to 1. Clusters containing fewer than 100 cells were
discarded, as were clusters for which one sample accounted for greater than 30%
of the cells. Doublets were removed using Scrublet, and the remaining cells were
re-clustered™. The expression of known marker genes was used to assign each
cluster to one of the main cell types. Clusters from each cell type were combined,
and the Seurat-based clustering was repeated to characterize subtype diversity. The
Seurat FindMarkers function was used to identify genetic markers of
cellular subtypes.

Identification of differentially expressed genes in the scRNA-seq data. To
identify differentially expressed genes by cell type, we performed a DGE analysis

using edgeR (3.28.1)°>*. The analysis was conducted on each cell type and on
certain unions of cell types with common traits. To detect sex-dependent effects
of MIA on gene expression, the difference between the change in gene expression
due to MIA in males and the same change in females was used. Next, pairwise
comparisons were performed to measure the effect of MIA on gene expression in
each sex and on the baseline differences between sexes without treatment. The
data were modeled and normalized using a negative binomial distribution, and
count data were normalized for gene length and read depth. Genes with FDR <
5% were considered statistically significant. GO analysis was performed using the
PANTHER cdlassification system (FDR < 0.05 for significant GO terms)*.

Three-chamber social-approach assay. Male or female mice (8-12 weeks old)
were tested for social behavior using a three-chamber social-approach paradigm. A
day before the test, experimental mice were introduced into a three-chamber arena
(50 % 35% 30 cm) with only empty-object containment cages (circular metallic
cages, Stoelting Neuroscience) for a 10-min acclimation phase. The following day,
the mice underwent a 5-min exploration period with empty-object containment
cages. Immediately after, the mice were confined to the center chamber, while

a social object (an unfamiliar C57BL/6 male mouse) in one chamber and an
inanimate object (a rubber object of a similar size as the social object) in the other
chamber were placed. Barriers to the adjacent chambers were removed, and the
experimental mice were given 10 min to explore both chambers and measured for
approach behavior as interaction time (that is, sniffing and approach) with targets
in each chamber (within 2 cm). Sessions were video-recorded, and the object
exploration time and the total distance traveled were analyzed using the Noldus
tracking system. A social preference score was calculated as the percentage of

time spent investigating the social target out of the total exploration time of both
objects™. Arenas and contents were thoroughly cleaned between testing sessions.
Multiple social targets from different home cages were used for testing to prevent
potential odorant confounds from target home cages.

Marble-burying test. Male or female mice (8-12 weeks old) were placed in a
testing arena (arena size: 40 X 20 cm? bedding depth: 3 cm) containing 20 glass
marbles, which were laid out in five rows of four marbles equidistant from one
another. At the end of a 15-min exploration period, mice were gently removed
from the testing cages and the number of marbles buried was recorded. A
marble-burying index was scored as 1 for marbles covered >50% by bedding, 0.5
for around 50% covered, or 0 for anything less. The percentage of buried marbles is
plotted on the y axis.

Immunoblotting. For immunoblot analyses, embryonic cortices were lysed

in lysis buffer consisting of 1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCI
(pH7.4), 1mM EDTA, 0.25% sodium deoxycholate, 0.1% SDS, phosphatase
inhibitor cocktail (Thermo Fisher Scientific) and protease inhibitor cocktail
(Roche). Protein concentrations were determined using the bicinchoninic acid
assay (Thermo Fisher Scientific). Proteins were denatured by the addition of SDS
containing Laemmli sample buffer (Boston Bioproduct) and boiled for 5min at
95°C. Antibodies against the following proteins were obtained from the indicated
sources: phospho-S6K (9205), S6K (9202), phospho-eIF2a (9721), elF2a (9722),
phospho-PERK (3179), PERK (5683), GCN2 (3302), IRE1a (3294), p-actin (4970),
horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibodies (7074)
(Cell Signaling); phospho-GCN2 (ab75836), phospho-PKR (ab32036) (Abcam);
pIREla (NB100-2323), ATF6 (NBP1-40256) (Novus Biologicals); and PKR (18244-
1-AP; Proteintech). All primary antibodies were used at 1:1,000 dilution in 10%
blocking buffer (Thermo Fisher Scientific) in TBS-T (Tris-buffered saline, 0.1%
Tween-20). The HRP-conjugated secondary antibody was used at 1:2,000 dilution.
The density of the resulting bands was quantified using Image]J (v.2.0.0).

SURSET and click conjugation with TAMRA azide. Protein synthesis was
measured using a modified SUnSET method, a non-radioactive labeling method
to monitor protein synthesis, as previously described*. Briefly, the fetal cortex was
microdissected and incubated for 1h at room temperature in oxygenated (95% O,,
5% CO,) artificial cerebrospinal fluid (ACSF) followed by incubation at 32°C for

1 h in oxygenated (95% O,, 5% CO,) ACSE. OPP (25uM) was bath-applied to the
slices for 20 min followed by a wash with untreated oxygenated ACSE The slices
were then snap-frozen on dry ice and stored at —80 °C until use. Frozen slices were
lysed in homogenization buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl
(pH7.4) and protease inhibitor cocktail). OPP incorporation was detected by click
chemistry (Invitrogen, C10276) according to the manufacturer’s recommendations.
After click conjugation with TAMRA azide, 20 pg of protein sample was treated
with 6X Laemmli sample buffer and resolved by SDS-PAGE gels. The gel was
visualized using a Bio-Rad ChemiDoc imaging system at an excitation wavelength
of 647 nm, then stained with Coomassie blue reagent. The density of the resulting
bands was quantified using Image] (v.2.0.0).

Ribosome profiling and RNA-seq. We employed a modified version of the
ribosome-profiling protocol described by McGlincy et al.”’. Flash-frozen
embryonic brain tissue was thawed in 400 pl lysis buffer (150 mM NaCl, 20 mM
Tris (pH7.4), 5mM MgCl,, 1 mM dithiothreitol, 100 pg ml~! cycloheximide, 1%
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v/v Triton X-100 and 25 U per ml Turbo DNase I (Thermo Fisher Scientific)).
Tissue was pipetted ten times in lysis buffer and incubated for 10 min on ice. Tissue
was then triturated ten times through a 26-gauge needle. Lysate was clarified by
centrifugation for 10 min at 20,000 X g at 4°C and supernatant was recovered.

The RNA concentration was quantified using a Qubit RNA assay (Thermo Fisher
Scientific). A total of 5% input was reserved, and total RNA was purified using a
Direct-zol RNA MiniPrep kit (Zymo) with DNasel treatment. RNA-seq libraries
were prepared from 10ng total RNA using a SMARTer Stranded Total RNA-Seq
kit v2 (Takara) and sequenced on a Next-seq 500 using paired-end 2 x 37 nt
sequencing runs.

For ribosome profiling, 1.5 pul RNase I (10 U per pl; Thermo Fisher Scientific)
was added to lysate containing 30 pg RNA and incubated for 45 min at room
temperature with gentle agitation. A total of 10 ul SUPERaseIn RNase inhibitor
(20 U per pl; Thermo Fisher Scientific) was added after 45 min, and samples
were transferred onto ice to stop nuclease digestion. Lysate was transferred to a
polycarbonate ultracentrifuge tube and underlaid with 0.9 ml sucrose cushion
(1M sucrose, 20 U per ml SUPERaseIn in Polysome buffer, 150 mM NaCl, 20 mM
Tris (pH7.4), 5mM MgCl,, 1 mM dithiothreitol, 100 pgml~" cycloheximide).
Ribosome-protected RNAs were pelleted by centrifugation at 52,000 r.p.m. at 4°C
for 2h. Supernatant was removed and the pellet resuspended in 300 ul TRIzol
reagent. RNA fragments were purified using a Direct-zol RNA MiniPrep kit
(Zymo Research) and eluted in 100 ul RNase-free water. RNA was precipitated
with one volume of isopropanol, 30 ug GlycoBlue and 100 mM sodium acetate
(pH 5.5) (300 pl total volume) and chilled at —20°C for at least 2h or overnight.
RNA was pelleted by centrifugation for 30 min at 20,000 X g, 4 °C, the supernatant
was removed and pellet air-dried for 10 min. Purified RNA was resuspended in
5ul 10mM Tris (pH 8) and RNA of 17-34 nucleotides in length was size-selected
using a 15% TBE-urea gel (Life Technologies). RNA was extracted from gel
sections in 400 ul RNA extraction buffer (300 mM sodium acetate (pH5.5), 1 mM
EDTA, 0.25% v/v SDS), then precipitated with 30 ug GlycoBlue and one volume
of isopropanol. Precipitations were left at —20°C overnight. Size-selected RNA
was resuspended in 4ul 10mM Tris (pH 8) and transferred to a clean non-stick
RNase-free microfuge tube. Size-selected RNA was dephosphorylated with T4 PNK
(NEB) at 37°C for 1h. The reaction was brought up to 50 ul with nuclease-free
water and purified using 1.8 volumes of Agencourt RNAClean XP beads (Beckman
Coulter) and 5.4 volumes of isopropanol. Beads were captured on a magnetic
rack and washed twice with 85% ethanol. Beads were air-dried and resuspended
in 7 ul nuclease-free water. Supernatant containing purified RNA was removed
from beads and quantified using a Qubit RNA assay (Thermo Fisher Scientific).
Sequencing libraries were prepared using a SMARTer smRNA-Seq Kit for Illumina
(Takara). Libraries were sequenced on a Novaseq 6000 using single-end
1 X 50 nt sequencing runs.

RNA-seq and ribosome-profiling libraries were analyzed in parallel. Reads
were aligned to the mm10 genome using STAR (v.2.5.4a)”". Data were then
analyzed by RibORF (v.1.0), which confirmed the periodicity of the ribo-seq data**.
The RibOREF script was run using SAM files, read lengths of 22, 28, 29 and 30
nucleotides, and an offset value of 12 nucleotides. Htseq (v.0.9.1)*° was used with
default parameters to generate raw count files from bam files for both RNA-seq
and ribo-seq data. Counts were filtered to remove mitochondrial and ribosomal
RNAs, and DGE analysis was performed using edgeR with the same scheme as
the single-cell analysis. For ribosome-profiling reads, ribosomal RNA was filtered
using Bowtie2 (v2.3.4.3)" followed by alignment of the non-ribosomal reads to the
mm10 genome using STAR (v.2.5.4a)".

Immunohistochemistry. Mice were transcardially perfused with ice-cold PBS
first and then with paraformaldehyde (PFA) (4% in PBS). Brains were kept in PFA
overnight at 4°C and moved to PBS until sectioned. Brains were submerged in
PBS with 3% agarose and then sliced on a vibratome (Leica VT1000S) into 50-pm
coronal sections. Coronal sections were washed three times with PBS containing
0.3% Triton X-100 (PBST) and blocked for 1h at room temperature with PBST
containing 5% donkey serum. Sections were incubated overnight at 4°C with
rabbit anti-Fos antibody 1:2,000 (Cedarlane, 226003(SY)), washed again three
times with PBST and incubated for 1 h at room temperature with 1:500 donkey
anti-rabbit 647 secondary antibody (Life Technologies, A31573). After washing in
PBST and PBS, samples were mounted onto SuperFrost Plus glass slides (VWR)
using 4,6-diamidino-2-phenylindole (DAPI) Fluoromount-G.

Images of brain slices were taken using a X10 magnification lens on an
Olympus VS-120 Slide Scanner with a 50-ms exposure time for the DAPI signal
and a 3-s exposure time for the CY5 signal corresponding to the Alexa 647
secondary antibody. Image analysis was performed by an investigator blinded
to the experimental conditions. CY5 signal images were loaded into ImageJ and
reduced to include only fluorescent puncta using the native “adjust threshold”
function. Brains with technical/quality issues were excluded. One cortical region
of interest (ROI) from each side of the brain slice was drawn using the freehand
ROI maker tool in Image]J. The area within each drawn ROI was measured and
recorded. Fluorescent puncta were automatically counted using the “analyze
particles” function in ImageJ with a 0.7-circularity threshold and a 3-pum? size
threshold to exclusively count biologically relevant fluorescent puncta. Of note,
the analysis of male brain tissue (Fig. 5¢) was performed independently from the
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analysis of female brain tissue (Extended Data Fig. 8a). Therefore, these results
cannot be directly compared.

Statistics and reproducibility. No statistical methods were used to predetermine
sample sizes, but the sample sizes were determined based on similar, previously
conducted studies'""". The data distribution was assumed to be normal, but this
was not formally tested. Animals were randomized into different groups with
approximately comparable numbers of animals in each group whenever possible.
The analysis of c-Fos immunohistochemistry was performed by a blinded
investigator. For the behavioral assays, experiments were run in a semi-blinded
way, which means mice were numbered earlier at the weaning stage and their
genotype information was matched after completion of the behavioral experiment.
In the case of all the other experiments, investigators were not blinded during
group allocation and data analyses due to the nature of the experiments. The
statistical analyses were performed using GraphPad Prism software (v.8) using
two-way analysis of variance (ANOVA) or one-way ANOVA followed by least
significance difference post-hoc tests, or using Student’s t-test, both two-sided.
Details of specific statistical comparisons are listed in the relevant figure legends.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All the sequencing data that support the findings of this study have been deposited
in the Gene Expression Omnibus with the accession code GSE148237. Publicly
available datasets from PANTHER (http://pantherdb.org/) were used for the GO
analysis. Source data are provided with this paper.

Code availability
All the custom code are available at https://github.com/bkalishneuro/
Maternal-Immune-Activation-Project/blob/main/README.md.
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Extended Data Fig. 1| Quality Control and E14.5 Sub-clustering. a, Total number of genes per condition and total number of unique molecular identifiers
(UMIs) per condition in the final E14.5 and E18.5 single cell sequencing datasets. Data from n=2 mice per group. b, UMAP of sub-clustering of mature and
immature (SVZ, cortical plate, cortical subplate) neurons at E14.5. Data from n=2 mice per group. ¢, UMAP of sub-clustering of radial glia (RG) at E14.5.
Data from n=2 mice per group. d, UMAP of sub-clustering of interneurons (Int), ganglionic eminence (GE), and striatal neurons at E14.5. Data from n=2
mice per group. e, Dot plot of marker genes associated with all cells at E14.5. Data from n=2 mice per group. f, Dot plot of marker genes associated with
the cells in (b): mature and immature (SVZ, cortical plate, cortical subplate) neurons at E14.5. Data from n=2 mice per group. g, Dot plot of marker genes
associated with the cells in (d): interneurons (Int), ganglionic eminence (GE), and striatal neurons at E14.5. Data from n=2 mice per group. h, Dot plot of
marker genes associated with the cells in (c): radial glia (RG) at E14.5. Data from n=2 mice per group.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | E18.5 sub-clustering. a, UMAP of sub-clustering of mature and immature (SVZ) neurons at E18.5. Data from n=2 mice per group.
b, UMAP of sub-clustering of radial glia (RG), ganglionic eminence (GE), oligodendrocytes (Olig), and neural stem cells (NSC) at E18.5. Data from n=2
mice per group. ¢, UMAP of sub-clustering of striatal neurons (Str) and interneurons (Int) at E18.5. Data from n=2 mice per group. d, Dot plot of marker
genes associated with cells in (a): mature and immature (SVZ) neurons at E18.5. Data from n=2 mice per group. e, (left) Dot plot of marker genes
associated with cells in (b): radial glia (RG), ganglionic eminence (GE), oligodendrocytes (Olig), and neural stem cells (NSC) at E18.5; and (right) Dot plot
of marker genes associated with cells in (c): striatal neurons (Str) and interneurons (Int) at E18.5. Data from n= 2 mice per group.
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Extended Data Fig. 3 | Differential gene expression strip plots. a, Strip plot displaying differential gene expression between MIA male offspring and PBS
male offspring at E14.5. Colored dots represent significant genes (FDR < 0.05). The x axis displays select cortical cell types. Cell groups (left to right):

(1) mature and immature (SVZ, cortical plate, cortical subplate) neurons, (2) radial glia (RG), and (3) interneurons (Int), ganglionic eminence (GE), and
striatal neurons. Data from n=2 mice per group. b, Strip plot displaying sex-dependent gene expression in MIA offspring at E14.5. Colored dots represent
significant genes (FDR < 0.05). The x axis displays select cortical cell types. Cell groups (left to right): (1) mature and immature (SVZ, cortical plate,
cortical subplate) neurons, (2) radial glia (RG), and (3) interneurons (Int), ganglionic eminence (GE), and striatal neurons. Data from n=2 mice per
group. ¢, Strip plot displaying differential gene expression between MIA male offspring and PBS male offspring at E18.5. Colored dots represent significant
genes (FDR < 0.05). The x axis displays select cortical cell types. Cell groups (left to right): (1) mature and immature (SVZ) neurons, (2) radial glia (RG),
ganglionic eminence (GE), oligodendrocytes (Olig), and neural stem cells (NSC), and (3) striatal neurons (Str) and interneurons (Int). Data from n=2
mice per group. d, Strip plot displaying sex-dependent gene expression in MIA offspring at E18.5. Colored dots represent significant genes (FDR < 0.05).
The x axis displays select cortical cell types. Cell groups (left to right): (1) mature and immature (SVZ) neurons, (2) radial glia (RG), ganglionic eminence
(GE), oligodendrocytes (Olig), and neural stem cells (NSC), and (3) striatal neurons (Str) and interneurons (Int). Data from n=2 mice per group.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Single cell differential gene expression changes. a, Bubble plot of highly variable genes between MIA and PBS male offspring

at E18.5. All significant genes FDR < 0.05. Blue indicates an increase in MIA males relative to PBS males. Data from n=2 mice per group. b, Bubble plot

of sex-dependent genes in MIA offspring at E18.5. All significant genes FDR < 0.05. Blue indicates an increase in A(MIA males - PBS males) relative to
females. Data from n=2 mice per group. ¢, Bubble plot of ribosome subunit genes between MIA male and PBS male offspring at E14.5, demonstrating a
widespread decrease in expression of multiple ribosomal subunits in MIA male offspring. All significant genes FDR < 0.05. Blue indicates an increase in
PBS males relative to MIA males. Data from n=2 mice per group. d, Bubble plot of ribosome subunit genes between MIA female and PBS female offspring
at E14.5, demonstrating an increase in expression of multiple ribosomal subunits in MIA female offspring. All significant genes FDR < 0.05. Blue indicates
an increase in PBS females relative to MIA females. Data from n=2 mice per group.
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Extended Data Fig. 5 | Sex-specific comparisons in control (PBS) conditions. a, Bubble plot of ribosome subunit genes between PBS male and PBS female
offspring at E14.5. All significant genes FDR < 0.05. Data from n= 2 mice per group. b, Bubble plot of ribosome subunit genes between PBS male and PBS
female offspring at E18.5. All significant genes FDR < 0.05. Data from n= 2 mice per group.
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Extended Data Fig. 6 | Upstream regulators of phospho-elF2 and UPR sensors in E18.5 PBS and MIA fetal cortices. a, Immunoblot analysis measuring
phospho-S6K and quantification in E18 PBS and MIA fetal cortices. The y axis represents relative blot intensity to PBS male control (Two-way ANOVA
sex (male or female) x stimulus (PBS or MIA) interaction F,,,=0.08413, P=0.7767; effect of sex F,;,=1188, P=0.2971; effect of stimulus F,,,=0.04729,
P=0.8315 followed by Tukey multiple comparisons test; n=4 pups from 2 litters). b, Immunoblot analysis measuring upstream regulators of
phospho-elF2a and quantification in E18.5 PBS and MIA fetal cortices. The y axis represents relative blot intensity to PBS control for each sex (Two-tailed
unpaired t-test male: pPERK t = 5.485, df =10, ***P = 0.0003, n=6 from 3 litters; pPGCN2 t = 0.1503, df = 6, n=4 pups from 2 litters; pPKR t = 0.9501,
df =6, n=4 pups from 2 litters; Two-tailed unpaired t-test female: pPERK t = 0.5761, df = 6; pGCN2 t = 0.5204, df = 6; pPKR t = 1.545, df = 6; n=4 pups
from 2 litters). ¢, Immunoblot analysis measuring UPR sensors (IRETa, ATF6 and PERK) and quantification in E18.5 PBS and MIA male fetal cortices. The
y axis represents relative blot intensity to PBS control (Two-tailed unpaired t-test: pIRE t = 2.745, df = 6, *P = 0.0335; ATF6 t = 0.6822, df = 6; pPERK t =
3.516,df =6, * P = 0.0126; n=4 pups from 2 litters). Data are mean + s.e.m.; see Supplementary Table 20 for detailed statistics. Unprocessed blots are
provided as a Source Data file.
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Extended Data Fig. 7 | ISR activation of E18.5 PBS and MIA male fetus in SFB-negative dams. Immunoblot analysis measuring phospho-elF2a and
quantification in E18.5 PBS and MIA male fetal cortices, either from SFB-positive or SFB-negative B6 dams. SFB-positive dams were obtained from Taconic
Biosciences (Tac) whereas SFB-negative dams from Jackson laboratory (Jax) and maintained in SFB-positive and negative conditions, respectively. The y
axis represents relative blot intensity to each PBS control (Two-tailed unpaired t-test: Tac t = 4.659, df = 6, **P = 0.0035; Jax t = 0.9013, df = 6; n=4 pups
from 2 litters). Data are mean + s.e.m.; see Supplementary Table 20 for detailed statistics. Unprocessed blots are provided as a Source Data file.
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Extended Data Fig. 8 | Female MIA offspring neither show ISR activation nor neurodevelopmental abnormalities. a, Representative images of 8-10
weeks old MIA and PBS female offspring brain tissue immunostained for c-Fos. Scale bar 100 pm. Quantification indicates c-Fos puncta/mm? (Two-tailed
unpaired t-test PBS female versus MIA female: t = 0.1829, df = 5, P = 0.8621; n=3 for PBS female, n=4 for MIA female mice). b, Percentage of interaction
in the three-chamber sociability test of adult PBS and MIA female offspring littermates (Two-way ANOVA group (PBS female or MIA female) x preference
to the target (social target or inanimate) interaction F, ,,= 0.986, P = 0.3315; effect of preference to the target . ,, = 45.24, P = 9.2454 x10~7 followed

by Sidak multiple comparisons test-within group: PBS female ** P = 0.0015, MIA female **** P = 2.06 x 10-5; Two-tailed unpaired t-test social score
between PBS female versus MIA female: t = 0.7021, df = 11, P = 0.4972; n = 6 for PBS female, n = 7 for MIA female mice; 2 independent experiments). ¢,
Marble burying index of adult PBS and MIA female offspring littermates (Two-tailed unpaired t-test PBS female versus MIA female: t = 0.9278, df =15, P
= 0.3682; n=8 for PBS female, n=9 for MIA female mice; 2 independent experiments). Data are mean + s.e.m.; see Supplementary Table 20 for detailed

statistics.
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Extended Data Fig. 9 | Pharmacological inhibition of ISR protects MIA offspring from neurobehavioral abnormalities. a, Percentage of interaction in the
three-chamber sociability test of vehicle and ISRIB-treated adult PBS and MIA offspring littermates (Two-way ANOVA group (PBS vehicle, MIA vehicle,
PBS ISRIB or MIA ISRIB) x preference to the target (social target or inanimate) interaction 3¢, = 7.401, P = 0.003; effect of preference to the target F,, =
57.62, P =2x107"° followed by Bonferroni multiple comparisons test-within group: PBS vehicle **** P = 4.9 x107'°, PBS ISRIB * P = 0.0119, MIA vehicle P
> 0.9999, MIA ISRIB **** P = 2.76 x 10~°; two-way ANOVA stimulus (PBS or MIA) x treatment (vehicle or ISRIB) interaction F,5,=7.111, P=0.0127; effect
of stimulus F, ;;=4.109, P=0.0513; effect of treatment F,5,=0.003618, P=0.9524 followed by Dunnett multiple comparisons test: PBS vehicle versus

PBS ISRIB P = 0.19, MIA vehicle versus PBS vehicle **P = 0.0071, PBS vehicle versus MIA ISRIB P = 0.3031; n =10 for PBS vehicle, n = 7 for MIA vehicle,

n =7 for PBS ISRIB, n =11 for MIA ISRIB; 2 independent experiments). b, Marble burying index of vehicle and ISRIB-treated adult PBS and MIA offspring
littermates (Two-way ANOVA stimulus (PBS or MIA) x treatment (vehicle or ISRIB) interaction F,;;=4.549, P=0.0526; effect of stimulus F,;;=8.829,
P=0.0108; effect of treatment f,,;=4.341, P=0.0575 followed by Tukey multiple comparisons test: PBS vehicle versus MIA vehicle *P = 0.0147, PBS ISRIB
versus MIA vehicle *P = 0.0255, MIA vehicle vs. MIA ISRIB *P = 0.0275; n=4 for PBS vehicle, n=4 for MIA vehicle, n=3 for PBS ISRIB, n=6 for MIA
ISRIB mice; 2 independent experiments). Data are mean + s.e.m.; see Supplementary Table 20 for detailed statistics.
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Sequence data that support the findings of this study have been deposited in the Gene Expression Omnibus with the accession code GSE148237. Publicly available
datasets from PANTHER (http://pantherdb.org/) were used for gene ontology analysis.
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Sample size No statistical methods were used to predetermine sample size. Sample sizes were determined based on similar, previously conducted studies
(main text ref. 10 and 11) and also magnitude and consistency of measurable differences. The precise number of animals used were indicated
in the figure legends.

Data exclusions  For immunohistochemistry, images were excluded if immunostaining quality was poor or uneven. For ribosome profiling and RNA-sequencing,
samples were selected based on quality metrics and sex-matching littermate controls. Data exclusion criteria were pre-established prior to
complete data analysis.

Replication All experiments were reproduced at least 2 times with independent batches of animals. Replication of studies statistically supported our
conclusion in all experiments.

Randomization  Subject animals were randomly assigned to experimental groups.
Blinding Analysis of c-Fos immunohistochemistry was performed by a blinded investigator. For the behavioral assays, experiments were run in a semi-
blinded way, which means mice were numbered earlier at the weaning and their genotype information was matched after completion of the

behavioral experiment. In the case of all other experiments, investigators were not blinded during group allocation and data analysis due to
the nature of the experiments.
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Antibodies used Antibodies for Immunoblotting
Polyclonal anti-phospho-S6K (Cell Signaling Technology, 9205, 1:1000)
Polyclonal anti-S6K (Cell Signaling Technology, 9202, 1:1000)
Polyclonal anti-phospho—elF2a (Cell Signaling Technology, 9721, 1:1000)
Polyclonal anti-elF2a (Cell Signaling Technology, 9722, 1:1000)
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Monoclonal (16F8) anti-phospho-PERK (Cell Signaling Technology, 3179, 1:1000)
Monoclonal (D11A8) anti-PERK (Cell Signaling Technology, 5683, 1:1000)
Polyclonal anti-GCN2 (Cell Signaling Technology, 3302, 1:1000)

Monoclonal (14C10) anti-IRE1a (Cell Signaling Technology, 3294, 1:1000)
Monoclonal (13E5) anti-Beta-Actin (Cell Signaling Technology, 4970, 1:1000)
Monoclonal (EPR2320Y) anti-phospho-GCN2 (Abcam, ab75836, 1:1000)
phospho-PKR (Abcam, ab32036, 1:1000)

PKR (Proteintech, 18244-1-AP, 1:1000)

pIRE1(Novus Biologicals, NB100-2323, 1:1000)

ATF6 (Novus Biologicals, NBP1-40256, 1:1000)

Horseradish peroxidase—conjugated anti-rabbit secondary antibodies (Cell Signaling Technology, 7074, 1:2000)

Antibodies for Immunohistochemistry
anti-Fos (Cedarlane, 226003(SY), 1:2000)
Donkey anti-rabbit 647 secondary antibody (Life Technologies, A31573, 1:500)

Antibodies for IL-17a neutralization
Monoclonal IL-17a blocking antibody (R&D systems, clone 50104, 500 ug/animal)
Isotype control antibody IgG2a (R&D systems, clone 54447, 500 pg/animal)
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Validation Antibodies for Immunoblotting
Polyclonal anti-phospho-S6K (Cell Signaling Technology, 9205, 1:1000): validated by the manufacturer for the application and
species. See manufactures website for validation statement (www.cellsignal.com)
Polyclonal anti-S6K (Cell Signaling Technology, 9202, 1:1000): validated by the manufacturer for the application and species. See
manufacturer's website for validation statement (www.cellsignal.com)
Polyclonal anti-phospho—elF2a (Cell Signaling Technology, 9721, 1:1000): validated by the manufacturer for the application and
species. See manufacturer's website for validation statement (www.cellsignal.com)
Polyclonal anti-elF2a (Cell Signaling Technology, 9722, 1:1000): validated by the manufacturer for the application and species.
See manufacturer's website for validation statement (www.cellsignal.com)
Monoclonal (16F8) anti-phospho-PERK (Cell Signaling Technology, 3179, 1:1000): application and species were validated in doi:
10.1016/j.neuron.2019.12.014
Monoclonal (D11A8) anti-PERK (Cell Signaling Technology, 5683, 1:1000): application and species were validated in doi: 10.1038/
s41556-017-0006-y
Polyclonal anti-GCN2 (Cell Signaling Technology, 3302, 1:1000): validated by the manufacturer for the application and species.
See manufacturer's website for validation statement (www.cellsignal.com)
Monoclonal (14C10) anti-IRE1a (Cell Signaling Technology, 3294, 1:1000): validated by the manufacturer for the application and
species. See manufacturer's website for validation statement (www.cellsignal.com)
Monoclonal (13E5) anti-Beta-Actin (Cell Signaling Technology, 4970, 1:1000): validated by the manufacturer for the application
and species. See manufacturer's website for validation statement (www.cellsignal.com)
Monoclonal (EPR2320Y) anti-phospho-GCN2 (Abcam, ab75836, 1:1000): application and species were validated in DOI: 10.1126/
science.aaw5185
phospho-PKR (Abcam, ab32036, 1:1000): application and species were validated in DOI: 10.1126/science.aaw5185
PKR (Proteintech, 18244-1-AP, 1:1000): validated by the manufacturer for the application and species. See manufacturer's
website for validation statement (www.ptglab.com)
pIRE1(Novus Biologicals, NB100-2323, 1:1000): validated by the manufacturer for the application and species. See
manufacturer's website for validation statement (www.nbio.com)
ATF6 (Novus Biologicals, NBP1-40256, 1:1000): validated by the manufacturer for the application and species. See
manufacturer's website for validation statement (www.nbio.com)
Horseradish peroxidase—conjugated anti-rabbit secondary antibodies (Cell Signaling Technology, 7074, 1:2000): validated by the
manufacturer for the application and species. See manufacturer's website for validation statement (www.cellsignal.com)

Antibodies for Immunohistochemistry

anti-Fos (Cedarlane, 226003(SY), 1:2000): validated by the manufacturer for the application and species. See manufacturer's
website for validation statement (https://sysy.com/product/226003)

Donkey anti-rabbit 647 secondary antibody (Life Technologies, A31573, 1:500): validated by the manufacturer for the application
and species. See manufacturer's website for validation statement (https://www.thermofisher.com/antibody/product/Donkey-
anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31573)

Antibodies for IL-17a neutralization

Monoclonal IL-17a blocking antibody (R&D systems, clone 50104, 500 pg/animal): validated by the manufacture for the
application and species. See manufactures website for validation statement (www.rndsystems.com)

Isotype control antibody IgG2a (R&D systems, clone 54447, 500 ug/animal): validated by the manufacture for the application and
species. See manufactures website for validation statement (www.rndsystems.com)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

810 4290120

Laboratory animals All animals were housed in specific pathogen free (SPF) facility with 20-22?, 40-55% humidity and 12-hour light/12-hour dark
cycle. C57BL/6 mice were purchased from Taconic Biosciences (B6-M and B6-F) or Jackson laboratory (000664) (USA). Eif2a
S51A/+ mice were provided by Dr. Kaufman's lab at Sanford Burnham Prebys Medical Discovery Institute.
8 to 16-week-old male mice and 8 to 12-week-old female mice were used for timed mating. Their embryos were analyzed at
E14.5 or E18.5. For behavioral experiments, 8 to 12-week-old male and female mice were tested.




Wild animals This study did not involve the use of wild animals.

Field-collected samples This study did not involve the use of the field-collected samples.

Ethics oversight All mouse studies were performed in full compliance with IACUC approved protocol and guidelines of Harvard Medical School.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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