
Article

Disruption of Alternative Splicing in the Amygdala of Pigs
Exposed to Maternal Immune Activation

Bruce R. Southey 1 , Marissa R. Keever-Keigher 1 , Haley E. Rymut 1 , Laurie A. Rund 1,
Rodney W. Johnson 1,2,3 and Sandra L. Rodriguez-Zas 1,2,3,4,*

����������
�������

Citation: Southey, B.R.;

Keever-Keigher, M.R.; Rymut, H.E.;

Rund, L.A.; Johnson, R.W.;

Rodriguez-Zas, S.L. Disruption of

Alternative Splicing in the Amygdala

of Pigs Exposed to Maternal Immune

Activation. Immuno 2021, 1, 499–517.

https://doi.org/10.3390/

immuno1040035

Academic Editor: Marcella Reale

Received: 22 September 2021

Accepted: 16 November 2021

Published: 19 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Animal Sciences, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA;
southey@illinois.edu (B.R.S.); keever1@illinois.edu (M.R.K.-K.); hrymut2@illinois.edu (H.E.R.);
larund@illinois.edu (L.A.R.); rwjohn@illinois.edu (R.W.J.)

2 Neuroscience Program, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
3 Carl E. Woese Institute for Genomic Biology, University of Illinois, Urbana, IL 61801, USA
4 Department of Statistics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
* Correspondence: rodrgzzs@illinois.edu

Abstract: The inflammatory response of gestating females to infection or stress can disrupt gene
expression in the offspring’s amygdala, resulting in lasting neurodevelopmental, physiological, and
behavioral disorders. The effects of maternal immune activation (MIA) can be impacted by the
offspring’s sex and exposure to additional stressors later in life. The objectives of this study were
to investigate the disruption of alternative splicing patterns associated with MIA in the offspring’s
amygdala and characterize this disruption in the context of the second stress of weaning and sex.
Differential alternative splicing was tested on the RNA-seq profiles of a pig model of viral-induced
MIA. Compared to controls, MIA was associated with the differential alternative splicing (FDR-
adjusted p-value < 0.1) of 292 and 240 genes in weaned females and males, respectively, whereas
132 and 176 genes were differentially spliced in control nursed female and male, respectively. The
majority of the differentially spliced (FDR-adjusted p-value < 0.001) genes (e.g., SHANK1, ZNF672,
KCNA6) and many associated enriched pathways (e.g., Fc gamma R-mediated phagocytosis, non-
alcoholic fatty liver disease, and cGMP-PKG signaling) have been reported in MIA-related disorders
including autism and schizophrenia in humans. Differential alternative splicing associated with MIA
was detected in the gene MAG across all sex-stress groups except for unstressed males and SLC2A11
across all groups except unstressed females. Precise understanding of the effect of MIA across second
stressors and sexes necessitates the consideration of splicing isoform profiles.

Keywords: alternative splicing; maternal immune activation; weaning stress; sex; neurodevelopmen-
tal disorder

1. Introduction

Infections or other immune challenges during gestation result in the release of in-
flammatory signals that can reach the developing fetus. These signals can disrupt the
offspring’s molecular mechanisms [1–3] and have been associated with neurodevelopmen-
tal, neurodegenerative, immunological, metabolic, and behavioral disorders in humans
and model organisms [4–9]. Moreover, MIA can alter the response to a challenge that
the offspring may experience later in life [10,11]. Maternal immune activation (MIA) has
been associated with autism spectrum disorder (ASD) [1,12,13], schizophrenia spectrum
disorder (SSD), [14–17], Alzheimer’s disease (AD) [18,19], and amyotrophic lateral sclerosis
(ALS) [17,20,21].

The effects of MIA on the amygdala may influence the offspring’s neuroendocrine
profiles, social and sexually dimorphic behaviors, cognition, and the response to stres-
sors [22,23]. Using a pig model of MIA elicited by a live virus, we reported that three-week-
old pigs presented changes in the expression pattern of genes annotated to neurodevel-
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opmental disorders, ASD, and SSD in the amygdala [24,25]. Subsequent investigations of
the impact of the first challenge by MIA followed by weaning stress at three weeks of age
confirmed the higher blood cortisol levels in weaned pigs relative to nursed pigs [7] and
uncovered the potential modulating impact of MIA on the effects of weaning on genes
annotated to autoimmune diseases and cell adhesion molecules [3]. Lipopolysaccharide
(LPS)-elicited MIA in mice led to amygdala dysregulation in fetal and young adult off-
spring and increased pro-inflammatory markers [26], while MIA elicited by the synthetic
viral agent polyinosinic:polycytidylic acid (Poly(I:C)) increased the synaptic strength of
glutamatergic projections from the prefrontal cortex to the amygdala in mice [27].

Alternative splicing is prevalent in the brain [28,29], and the distinct transcript iso-
forms from a gene produced by alternative splicing can differ in function [30,31]. Changes
in alternative splicing patterns were detected in MIA-related disorders, including ASD [32]
and SSD [33,34]. The effects of MIA on the relative abundance of the isoforms in the
amygdala are incompletely understood, and the variation in MIA effects on alternative
splicing in the presence of a second stressor or across sexes remains uncharacterized.

A study of the effect of MIA on alternative splicing patterns in the offspring’s amygdala
was undertaken. Differential alternative splicing between virus-elicited MIA and control
pigs was compared between females and males and between stress-exposed or unexposed
individuals. The identification of differentially spliced genes and associated pathways and
characterization of the splicing patterns supports an accurate understanding of the effects
of MIA at the isoform level and precise identification of molecular targets for treatment.

2. Materials and Methods
2.1. Animal Experiments

The experiments were reviewed by the University of Illinois Institutional Animal Care
and Use Committee (IACUC) in compliance with the NIH Public Health Service Policy on
the Humane Care and Use of Animals and the USDA Animal Welfare Act. The experimental
procedures were previously described [3], and the animal and molecular procedures that
can influence the results from the alternative splicing analysis are highlighted.

At gestation day 69, gilts of Camborough breed (PIC, Hendersonville, TN, USA) and
inseminated with semen from PIC 359 boars (PIC, Hendersonville, TN, USA) were moved
into individual containment chambers. Gilts were used to minimize the likelihood of expo-
sure to inflammatory challenge in previous parities. After a one-week adaptation period,
and at the start of the final third of gestation, four gilts were inoculated intranasally with
the live Arteriviridae porcine reproductive and respiratory virus (PRRSV), whereas a control
group of four gilts was inoculated with sterile basal Dulbecco’s modified Eagle medium.
Gilts inoculated with PRRSV experienced a significant increase in body temperature and
decrease in daily intake that dissipated by day 90 of gestation. The gilts were induced
on day 113 of gestation such that the piglets were full-term born and remained with the
gilt until 21 days of age when half of the pigs from each viral challenge group (MIA and
control groups) were weaned and the rest of the pigs remained with the gilt (weaned and
nursed groups, respectively). Weaned pigs were moved to separate chambers, in groups
of 4 to 5 pigs, gilts and pigs were maintained at 22 ◦C with a 12-h light/dark cycle, had
ad libitum water access, and were fed a diet that matches nutritional requirements. The
blood cortisol level was higher in weaned pigs relative to nursed pigs [9]. The sample size
per maternal challenge (MIA or control), second stress of weaning (weaned or nursed), and
sex (female or male) group were n = 6, totaling 48 pigs studied. The pigs were anesthetized
and euthanized at 22 days, peripheral blood drawn, and brain extracted. Blood analysis
demonstrated higher stress indicator cortisol levels in weaned compared to nursed pigs [7].

The amygdalae were dissected from the brains, flash-frozen, and stored at−80 ◦C until
the RNA was isolated using the EZNA kit (Omega Biotek, Norcross, GA, USA). Individual
amygdalae had RNA quality indicator RIN > 7.5 and were sequenced into 150 nucleotide
paired-end reads using a NovaSeq 6000 (Illumina Inc., San Diego, CA, USA). The quality
indicator was high throughout all positions (Phred > 35), and the FASTQ-formatted files,
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including the sequences and quality scores, are stored in the Gene Expression Omnibus
database (experiment identifier GSE165059, reviewers’ token: cfcnegeczvurfgb).

2.2. RNA Sequence Mapping and Alternative Splicing Analysis

The approximately 13 billion reads across 48 amygdalae included on average
69.1 million paired-end sequences per pig (standard deviation/mean < 0.13). The median
alignment rate was 86%, and the median number of splice junctions was approximately
37 million per amygdala.

Paired-end reads from the individual samples were aligned to the Sus scrofa genome
version Sscrofa 11.1 using the software STAR v2.7.8a [35] in “twopassMode” so the novel
junctions identified in the first alignment iteration are included in the second iteration [30].
The junction information was extracted from alignment files using RegTools [36], and
unmapped junctions were removed from further analysis. The testing and visualization
of the differential alternative splicing between MIA and control pigs used the software
LeafCutter [37] using default settings (20 read minimum coverage, minimum of 3 samples
per group and intron support present in at least 5 samples). LeafCutter uses exon-exon
junction information from the sequence alignment against the genome to quantify and test
for differential alternative splicing irrespective of the gene annotations. The differential
splicing between MIA and control groups was interpreted based on the test p-value and the
change in the proportion of splice site usage (∆PSI) between groups for each intron cluster
within a gene. Each intron cluster across exons defines a transcript isoform within a gene,
and some splicing testing spanned genomic regions encompassing multiple genes [31].
Multiple sets of intron clusters and multiple differential splicing tests can encompass
several genes. Therefore, on average, approximately 34,500 tests for differential splicing
were performed across sex and weaning groups. The p-values also include a false discovery
rate (FDR) adjustment for multiple testing across gene-intron clusters [38].

The identification of over-represented KEGG pathways among the differentially
spliced genes (FDR p-value < 0.1) relied on the Database for Annotation, Visualization
and Integrated Discovery tool (DAVID 6.8) [39]. The differential splicing threshold was
selected in recognition that pathway components respond to conditions (e.g., MIA, wean-
ing stress) in different magnitudes and that the genes in a pathway have varying isoform
quantitation. The functional analysis considered all genes annotated to the genomic region
presenting differential alternative splicing, with 97% of the events annotated to a single
gene. The enrichment of KEGG pathways was assessed against the Sus scrofa genome as
background, and the FDR-adjusted p-value was calculated using a one-tailed jackknifed
Fisher hypergeometric exact test. The pathway enrichment was also characterized using
the fold enrichment computed as the odds ratio between the proportion of pathway genes
among the genes presenting differential splicing (FDR-adjusted p-value < 0.1) relative to
the proportion of pathway genes in the Sus scrofa genome.

3. Results

The number of differentially alternatively spliced genes (FDR-adjusted p-value < 0.1)
between the MIA and control groups was 132 in nursed females and 292 in weaned
females. The genes presenting the most significant differential splicing (FDR-adjusted
p-value < 0.001) in nursed and weaned females are listed in Table 1, along with the most
extreme positive and negative ∆PSI, the unadjusted and FDR-adjusted p-values. The genes
presenting the highest differential splicing in nursed females included ubiquitin carboxyl-
terminal hydrolase 30 (USP30), protein kinase CAMP-dependent type I regulatory subunit
beta (PRKAR1B), and NSFL1 cofactor p47 (NSFL1C), while the genes in weaned females
included zinc finger protein 316 (ZNF316), SH3 and multiple ankyrin repeat domains 1
(SHANK1), actin binding LIM protein family member 3 (ABLIM3), heart development
protein with EGF like domains 1 (HEG1), and multiple EGF like domains 8 (MEGF8).



Immuno 2021, 1 502

Table 1. Genes presenting differential alternative splicing (FDR-adjusted p-value < 0.001) in response to exposure to
maternal immune activation (MIA) relative to controls in the amygdala of nursed and weaned female pigs.

Gene Symbol Extreme
<0 ∆PSI 1

Extreme
>0 ∆PSI 2

Isoform
Count 3 p-Value FDR-Adjusted

p-Value

Nursed
NSFL1C −0.116 0.021 9 3.02 × 10−15 1.02 × 10−10

PDK2 −0.036 0.041 7 1.94 × 10−14 3.27 × 10−10

USP30 −0.147 0.102 6 2.09 × 10−10 2.35 × 10−6

MAG −0.019 0.010 4 4.48 × 10−8 2.15 × 10−4

NPTXR −0.024 0.031 3 1.14 × 10−7 4.78 × 10−4

TAF1D −0.037 0.028 18 1.68 × 10−7 6.27 × 10−4

SLC25A11 −0.018 0.018 3 2.14 × 10−7 6.91 × 10−4

ZNF513 −0.017 0.012 4 2.26 × 10−7 6.91 × 10−4

RIMS1 −0.025 0.030 17 3.31 × 10−7 9.27 × 10−4

PRKAR1B −0.053 0.096 3 3.71 × 10−7 9.60 × 10−4

Weaned
RPL28 −0.017 0.025 7 9.96 × 10−10 7.07 × 10−6

TYW3 −0.027 0.031 14 1.96 × 10−9 1.16 × 10−5

ADAP1 −0.009 0.007 6 5.26 × 10−9 2.02 × 10−5

ATP5H −0.029 0.024 5 1.14 × 10−8 3.66 × 10−5

ZNF316 −0.224 0.081 6 1.29 × 10−8 3.83 × 10−5

SHANK1 −0.056 0.110 4 2.14 × 10−8 5.85 × 10−5

ACP6 −0.017 0.017 2 2.52 × 10−8 6.40 × 10−5

ABLIM3 −0.042 0.092 7 3.49 × 10−8 8.26 × 10−5

KCTD2 −0.005 0.010 3 3.87 × 10−8 8.58 × 10−5

HEG1 −0.121 0.115 5 5.86 × 10−8 1.18 × 10−4

CXCL14 −0.032 0.032 3 5.97 × 10−8 1.18 × 10−4

NAGK −0.024 0.036 4 2.78 × 10−7 4.79 × 10−4

FAM213A −0.008 0.015 3 2.84 × 10−7 4.79 × 10−4

TM7SF2 −0.006 0.010 11 4.03 × 10−7 6.22 × 10−4

VRK3 −0.027 0.048 7 4.79 × 10−7 7.08 × 10−4

ATP11B −0.035 0.054 3 5.01 × 10−7 7.11 × 10−4

MEGF8 −0.087 0.053 3 7.10 × 10−7 8.99 × 10−4

1 The extreme negative ∆PSI column quantifies the isoform that presented the highest under-expression in MIA relative to control female
pigs. 2. The extreme positive ∆PSI column quantifies the isoform that presented the highest over-expression in MIA relative to control
female pigs expressed in proportion. 3 Isoform count indicates the number of isoforms in the gene presenting alternative splicing.

The number of differentially alternatively spliced genes (FDR-adjusted p-value < 0.1)
between the MIA and control groups was 176 in nursed males and 240 in weaned males. The
genes presenting the most significant differential splicing genes (FDR-adjusted
p-value < 0.001) in nursed and weaned males are listed in Table 2. The genes present-
ing the highest differential splicing in nursed males included septin 7 (SEPT7), zinc fin-
ger protein 672 (ZNF672), and potassium voltage-gated channel subfamily A member 6
(KCNA6), while the genes in weaned males included ADP ribosylation factor like GTPase
4D (ARL4D), HOP homeobox (HOPX), and neurofilament medium chain (NEFM).
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Table 2. Genes presenting differential alternative splicing (FDR-adjusted p-value < 0.001) in response to exposure to
maternal immune activation (MIA) relative to controls in the amygdala of nursed and weaned male pigs.

Gene Symbol Extreme
<0 ∆PSI 1

Extreme
>0 ∆PSI 2

Isoform
Count 3 p-Value FDR-Adjusted

p-Value

Nursed
KCNA6 −0.052 0.068 11 1.34 × 10−11 4.65 × 10−7

GPBP1 −0.015 0.019 3 4.18 × 10−10 7.24 × 10−6

SEPT7 −0.315 0.305 3 1.22 × 10−9 1.41 × 10−5

ZNF672 −0.114 0.067 12 1.78 × 10−9 1.54 × 10−5

CNP −0.005 0.005 6 1.18 × 10−8 7.30 × 10−5

GFAP −0.008 0.017 6 1.26 × 10−8 7.30 × 10−5

ZNF74, DGCR2 −0.019 0.016 12 5.79 × 10−8 2.87 × 10−4

MYT1L −0.027 0.053 11 1.62 × 10−7 7.01 × 10−4

Weaned
ARL4D −0.042 0.279 10 1.11 × 10−10 2.01 × 10−6

HNRNPA2B1 −0.040 0.053 6 2.63 × 10−10 2.01 × 10−6

PDK2 −0.041 0.045 7 2.72 × 10−10 2.01 × 10−6

CDC42 −0.055 0.037 4 3.29 × 10−10 2.03 × 10−6

HOPX −0.087 0.108 12 4.33 × 10−10 2.29 × 10−6

POLR2E −0.016 0.016 2 3.35 × 10−8 1.38 × 10−4

NCAN −0.006 0.007 6 4.56 × 10−8 1.69 × 10−4

TCF25 −0.009 0.008 7 5.50 × 10−8 1.85 × 10−4

BBIP1 −0.022 0.013 15 6.68 × 10−8 1.90 × 10−4

CLU −0.042 0.044 5 7.31 × 10−8 1.93 × 10−4

DRC7 −0.063 0.031 7 9.55 × 10−8 2.30 × 10−4

MSRA −0.013 0.023 23 1.19 × 10−7 2.52 × 10−4

SEC61A2 −0.018 0.017 6 1.23 × 10−7 2.52 × 10−4

LAMTOR4 −0.015 0.009 8 1.47 × 10−7 2.73 × 10−4

BLOC1S1 −0.006 0.006 5 2.00 × 10−7 3.41 × 10−4

AMDHD1, SNRPF −0.048 0.037 4 2.02 × 10−7 3.41 × 10−4

FAM213B −0.027 0.016 8 3.72 × 10−7 5.99 × 10−4

NEFM −0.097 0.132 13 5.81 × 10−7 8.97 × 10−4

1 The extreme negative ∆PSI column quantifies the isoform that presented the highest under-expression in MIA relative to control female
pigs. 2 The extreme positive ∆PSI column quantifies the isoform that presented the highest over-expression in MIA relative to control
female pigs expressed in proportion. 3 Isoform count indicates the number of isoforms in the gene presenting alternative splicing.

Figures 1 and 2 depict the relative abundance (proportion) of isoforms between
MIA and control groups for genes presenting significant alternative splicing (FDR-adjusted
p-value < 0.001 and >10% differential abundance between extreme over- and under-
expressed isoforms) in females and males, respectively. The semicircles indicate the intron
clusters corresponding to transcript isoforms where bold and thin red semicircles denote
annotated and novel isoforms, respectively. The black boxes denote the gene exons and the
superscript letters identify distinct isoforms.

Table 3 lists the genes that presented differential alternative splicing (FDR-adjusted
p-value < 0.1) between MIA and control pigs in two or more groups that share stress or
sex. Under weaning stress, females and males shared the highest number of differentially
spliced genes (13 genes) between MIA and control groups, whereas nursed females and
males shared the fewest differentially spliced genes (3 genes). Noteworthy is the differen-
tial splicing patterns of myelin associated glycoprotein (MAG) and solute carrier family
2 member 11 (SLC2A11). MAG presented differential alternative splicing in all groups
except nursed males, and SLC2A11 presented differential alternative splicing in all groups
except nursed females.



Immuno 2021, 1 504

Immuno 2021, 1, FOR PEER REVIEW  6 
 

 

clusters corresponding to transcript isoforms where bold and thin red semicircles denote 

annotated and novel isoforms, respectively. The black boxes denote the gene exons and 

the superscript letters identify distinct isoforms. 

 

Figure 1. Genes presenting alternative splicing (False Discovery Rate‐adjusted p‐value < 0.001, >10% 

differential abundance between extreme over‐ and under‐expressed intron clusters) among female 

pigs exposed to maternal  immune activation (P or PRRSV‐elicited MIA) versus unexposed (C or 

control). The semicircles  indicate  the  intron clusters corresponding  to  transcript  isoforms, where 

dark and soft red semicircles denote annotated and novel isoforms. The black boxes denote the gene 

exons and the superscript letters identify distinct intron clusters. 

 

Figure 2. Genes presenting alternative splicing (False Discovery Rate‐adjusted p‐value < 0.001, >10% 

differential abundance between extreme over‐ and under‐expressed  intron clusters) among male 

pigs exposed to maternal  immune activation (P or PRRSV‐elicited MIA) versus unexposed (C or 

control). The semicircles  indicate  the  intron clusters corresponding  to  transcript  isoforms, where 

Figure 1. Genes presenting alternative splicing (False Discovery Rate-adjusted p-value < 0.001, >10%
differential abundance between extreme over- and under-expressed intron clusters) among female
pigs exposed to maternal immune activation (P or PRRSV-elicited MIA) versus unexposed (C or
control). The semicircles indicate the intron clusters corresponding to transcript isoforms, where
dark and soft red semicircles denote annotated and novel isoforms. The black boxes denote the gene
exons and the superscript letters identify distinct intron clusters.
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Figure 2. Genes presenting alternative splicing (False Discovery Rate-adjusted p-value < 0.001, >10%
differential abundance between extreme over- and under-expressed intron clusters) among male pigs
exposed to maternal immune activation (P or PRRSV-elicited MIA) versus unexposed (C or control).
The semicircles indicate the intron clusters corresponding to transcript isoforms, where dark and soft
red semicircles denote annotated and novel isoforms. The black boxes denote the gene exons and the
superscript letters identify distinct intron clusters.
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Table 3. Differential alternative spliced genes between maternal immune activation and control pigs shared among stress
(weaned and nursed) and sex (female and male) groups.

Groups Compared Gene Symbols Shared between Groups Compared 1

Female weaned and nursed (9 genes) LOC110261221, MAG, MAPK10, MARCKSL1, SPTAN1, TAF1D, TMEM9,
TTYH1, TYW3

Male weaned and nursed (7 genes) FAM13B, GIGYF2, KHK, KIAA0513, LZIC, SLC2A11, SYT17

Nursed females and males (3 genes) EEF2, MIGA1, RIMS1

Weaned females and males (13 genes) ABCA3, ACAP3, ATP5H, LOC100626407, LOC110261384, MAG, NEFM, PRKCZ,
PTEN, SHANK1, SLC2A11, SMARCA2, WDR34

1 MAG and SLC2A11 present differential splicing in three of the four groups studied.

Table 4 summarizes the KEGG pathways enriched at FDR-adjusted p-value < 0.1 by
sex and weaning group among the genes presenting differential alternative splicing (FDR-
adjusted p-value < 0.1) between MIA and control pigs by weaning stress and sex group.
Enriched pathways among alternatively spliced genes included non-alcoholic fatty liver
disease (ssc04932) in nursed females and metabolic pathways (ssc01100) in weaned males,
while the most significant enrichment in weaned females was linoleic acid metabolism
(p-value < 0.006, FDR-adjusted p-value > 0.1, fold enrichment = 10.5). Noteworthy is the
highly significant enrichment of multiple functional categories among the alternatively
spliced genes in nursed males including, cGMP-PKG signaling (ssc04022), dopaminergic
synapse (ssc04728), amphetamine addiction (ssc05031), ribosome (ssc03010), and calcium
signaling (ssc04020).

Table 4. Enriched KEGG pathways among genes presenting alternative splicing (False Discovery
Rate-adjusted p-value < 0.1) associated with exposure to maternal immune activation by pig group.

Group and Path ID 1 KEGG
Pathway Name Size 2 Enrichment Fold 3 p-Value

Nursed Females

ssc04932 Non-alcoholic fatty liver
disease (NAFLD) 4 5.15 0.039

ssc04666 Fc gamma R-mediated
phagocytosis 3 7.53 0.056

ssc04144 Endocytosis 4 3.51 0.097

Nursed Males

ssc04022 cGMP-PKG signaling
pathway 6 5.02 0.006

ssc04728 Dopaminergic synapse 5 5.60 0.011
ssc05031 Amphetamine addiction 4 8.26 0.012
ssc03010 Ribosome 5 4.65 0.021

ssc04020 Calcium signaling
pathway 5 3.71 0.042

Weaned Males

ssc01100 Metabolic pathways 22 2.11 0.075
ssc05416 Viral myocarditis 5 8.96 0.103
ssc05332 Graft-versus-host disease 4 13.07 0.103
ssc05330 Allograft rejection 4 12.01 0.103
ssc04144 Endocytosis 8 3.78 0.103

1 KEGG pathway identifier. 2 Size = number of distinct genes in the pathway. 3 Enrichment fold = ratio between
proportion of pathway genes in the significant splicing list relative to the genome.

4. Discussion

The differential alternative splicing associated with MIA uncovered in the amygdala
offers insights into the transcriptional mechanisms that could explain the impact of in-
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flammatory signals during development on postnatal physiology and behavior. Moreover,
the detection of differential splicing profiles unique to the sex and experienced weaning
stress advances the understanding of reports about MIA-associated disorders that present
sex-dependent or stress-dependent incidence. Differential splicing findings are discussed
at the gene and pathway levels in the context of transcriptomic and genomic reports on
MIA-related and neurodevelopmental disorders.

Particularly noteworthy are genes MAG and SLC2A11 that presented differential
alternative splicing between MIA and control pigs in three out of the four sex-stress groups
studied (Table 3). SLC2A11 was differentially spliced between MIA and control pigs in
all groups except nursed females with the highest MIA effect in weaned males (FDR-
adjusted p-value < 0.03). A study of copy number variation in children with attention
deficit hyperactivity disorder (ADHD) and patients with ASD [40] and a study of copy
number variation in patients with SSD [41] identified regions encompassing SLC2A11
associated with these disorders.

The effect of MIA on the alternative splicing of MAG was detected in all groups
except nursed males, and the highest differential splicing was detected in nursed females.
The most and second most impacted isoforms were under- and over-expressed in MIA
relative to control, respectively (Table 1, FDR-adjusted p-value < 0.0002). The identification
of MAG isoforms that have opposite expression patterns in response to MIA is aligned
with previous reports. Isoform bias in MAG has been proposed as an important factor
in developing SSD [42]. While both short and long forms of MAG were under-expressed
in the frontal cortex of SSD patients, long-form MAG was under-expressed to a greater
extent, altering the ratio of short-form MAG to long-form MAG in SSD patients compared
to controls [42].

The MAG isoform under-expressed in MIA pigs is in agreement with the reported
under-expression of the long form of MAG in the amygdala of MIA mice exposed to the
viral synthetic Poly(I:C) during gestation [43]. MAG was under-expressed in the prefrontal
cortex of MIA rats exposed to Poly(I:C) during development [44], in the prefrontal cortex
and nucleus accumbens of MIA mice exposed to Poly(I:C) during development [45], and
in the cerebellum of mice exposed to influenza-elicited MIA [46]. On the other hand, the
over-expression of a MAG isoform in MIA pigs (albeit less extreme than the previously
discussed under-expressed isoform) is in agreement with the over-expression of MAG in
the hippocampus of MIA offspring of Poly(I:C)-challenged rhesus macaques [47]. Our
findings provide a possible explanation of the apparent contradiction in the MAG profiles
associated with MIA.

Overall, 840 genes presented differential alternative splicing associated with MIA. The
majority of the significant effects of MIA on alternative splicing were unique to particular
sex-weaning stress groups with approximately 5% of the genes presenting differential
splicing in multiple weaning-sex groups. Most genes presenting differential splicing in
response to MIA were detected in pigs exposed to weaning stress while the distribution
was fairly similar between sexes. Many of the genes differentially spliced between MIA
and control pigs modulate signal transduction and synaptic plasticity, and these genes and
pathways that have been previously associated with behavioral and neurodevelopmental
disorders such as ASD and SSD. The limited overlap in genes impacted by MIA across pig
groups suggests that an accurate and precise understanding of the effects of MIA on the
molecular pathways requires the study of MIA at the transcript isoform level. Therefore,
the effects of MIA are discussed within sex and stress group.

4.1. Differential Alternative Splicing Associated with Maternal Immune Association in Females

Several genes presenting differential alternative splicing associated with MIA in
nursed females have been previously associated with MIA-related and neurodevelopmental
disorders or conditions (Table 1). The most extreme isoforms of the gene TATA-box binding
protein associated factor (TAF1D) were 3.7% under- and 2.8% over-expressed in MIA
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relative to control nursed females. At the gene level, TAF1D was over-expressed in the
prefrontal cortex of Poly(I:C)-elicited MIA offspring [45].

The differential alternative splicing of pyruvate dehydrogenase kinase 2 (PDK2) be-
tween MIA and control nursed females aligns with this gene’s participation in pathways
underlying synaptic strength in depression and spatial memory [48]. Moreover, the PDK2
protein participates in mTOR signaling and the dysregulation of this process contributes to
impaired synaptic plasticity and ASD [49,50].

The pattern of alternative splicing for protein kinase CAMP-dependent type I reg-
ulatory subunit beta (PRKAR1B, Figure 1) includes highly over- and under-expressed
intron clusters (9.6% and 5.3%, respectively) in MIA relative to control nursed females. In
alignment with our findings, the differential expression profile of PRKAR1B between ASD
patients and controls prompted the hypothesis that this gene is an ASD network hub [51].

The most extreme differential isoform of the neuronal pentraxin receptor (NPTXR)
gene was over-expressed 3.1% in MIA relative to control nursed females and NPTXR was
also over-expressed in the caudate gray matter of SSD patients compared to controls [52].
The 2.4% under-expression of a NPTXR isoform in MIA relative to control nursed females
is aligned with a NPTXR knockout mice line that displayed behavioral deficits akin to
those observed in MIA-associated disorders [53].

The differential splicing between MIA and control nursed females detected in the
genes regulating synaptic membrane exocytosis 1 (RIMS1) and zinc finger protein 513
(ZNF513) may be linked to mutations in these genes that have been related to MIA-
related phenotypes. Single-nucleotide polymorphisms in RIMS1 were associated with SSD
and ASD incidence [54,55]. Likewise, polymorphisms in ZNF513 were associated with
altered brainstem volume in patients diagnosed with ASD, SSD, ADHD, MDD, and bipolar
disorder [56]. The differential alternative splicing of CALCB (p-value < 0.008) between MIA
and control nursed females agrees with the identification of this neuropeptide precursor as
a candidate gene for ASD in a rat model [57].

The most extreme differentially expressed isoforms of solute carrier family 25 member
11 (SLC25A11) between MIA and control nursed females had comparable over- and under-
expression (|1.8%|). The SLC25A11 isoform profiles detected in the present study may
be associated with the range of profiles reported for this gene related to MIA phenotypes.
At the gene level, SLC25A11 was under-expressed in the cingulate cortex of SSD patients
compared to controls [58] and over-expressed in the hippocampus of rats modeling major
depressive disorder (MDD) behaviors [59]. The expression of genes in the SLC25 family in
the brain was associated with chronic social defeat stress in mice and potentially related to
neurological and psychiatric disorders [60].

Ubiquitin carboxyl-terminal hydrolase 30 (USP30, Figure 1) and n-ethylmaleimide-
sensitive factor (NSF) cofactor p47 (NSFL1C, Figure 1), two genes associated with neurolog-
ical signal processing, presented major over- and under-expression of alternative isoforms
between MIA and control nursed females. The alternative splicing pattern of both genes,
including the most under- and over-expressed isoforms in MIA pigs for USP30 (14.7% and
10.2%, respectively) and NSFL1C (11.6% and 2.1%, respectively), are depicted in Figure 1.
These profiles could correspond with the role of NSFL1C in the formation of dendritic
spines [61] and inhibition of synapse degeneration [62]. Furthermore, the abundance of the
NSFL1C protein was lower in the brain of a mouse model of anxiety relative to controls [63].
The impact of MIA on USP30 could be through the disruption of mitophagy and processing
of damaged mitochondria [64] because mitochondrial deficits can disrupt neurological
function [65].

SH3 and multiple ankyrin repeat domains 1 (SHANK1, Figure 1) and multiple EGF-
like domains 8 (MEGF8, Figure 1) presented significant differential splicing between MIA
and control weaned females (Table 1, Figure 1). The under-expression of a SHANK1
isoform (5.5%) in MIA relative to control weaned females is aligned with a SHANK1
knockout mouse line that serves as a model of ASD [66]. In addition, SHANK1 was
under-expressed in the cerebral cortex of MIA offspring from LPS-challenged rats that
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presented neuroinflammation and cortical synaptic deficit [67]. SHANK1 mRNA is ex-
pressed predominately in the cerebral cortex, hippocampus, and amygdala and an isoform
survey included SHANK1B (lacking the C-terminal SAM domain), SHANK1C (lacking the
N-terminal ankyrin repeat domain), and SHANK1D (lacking the ankyrin repeat domain,
and SH3 or SAM domains) [68]. The most extreme MEGF8 isoform was under-expressed
(8.7%) in MIA relative to control weaned females, and this finding could be correlated with
reports of gene variants associated with SSD [69].

The over-expression of a ribosomal protein L28 (RPL28) isoform in MIA relative to
control weaned females (2.5%) is aligned reports of over-expression of RPL28 in the frontal
cortex of MIA offspring from Poly(I:C)-challenged mice [70]. Likewise, the pattern of the
most under-expressed isoform of ATP synthase subunit D, mitochondrial (ATP5H) in MIA
relative to control weaned females (2.9%) is consistent with the under-expression of ATP5H
in the anterior cingulate gyrus of ASD patients [71]. Moreover, alternative splicing of
ATP5H was reported in the hippocampus of aged mice from a line presenting early-onset
impaired visuospatial learning [72].

The pattern of the most over-expressed ATPase phospholipid transporting 11B
(ATP11B) isoform in MIA relative to control weaned females (5.4%) is consistent with
reports of gene over-expression in the prefrontal cortex of MIA offspring from Poly(I:C)-
challenged mice [45]. The less extreme under-expression of an ATP11B isoform in MIA
females (3.5%) could be associated with the impairment of hippocampal synaptic plasticity
observed in an ATP11B knockout mice [73]. Similarly, the profile of the most under-
expressed vaccinia related kinase 3 (VRK3) isoform in MIA relative to control weaned
females (2.7%) correlates with typical social interactions and repetitive behaviors observed
in VRK3 knockout mice that resemble ASD behaviors [74]. The differential alternative
splicing of transmembrane 7 superfamily member 2 (TM7SF2) associated with MIA de-
tected in weaned females could be correlated with the differential expression of this gene
in SSD-specific neurons [75]. The differential alternative splicing detected in TRNA-YW
synthesizing protein 3 homolog (TYW3) and in potassium channel tetramerization domain
containing 2 (KCTD2) could be linked to the association between the former gene and
susceptibility to ALS and [76] and the alternative splicing of the latter gene uncovered in a
mouse line that models ALS [77].

4.2. Differential Alternative Splicing Associated with Maternal Immune Association in Males

Several genes that presented differential alternative splicing between MIA and control
nursed males have been previously associated with MIA-associated disorders (Table 2,
Figure 2). The under-expression of an isoform in septin-7 (SEPT7, Figure 2) (31.5%) is
aligned with reports of gene under-expression in the prefrontal cortex of SSD patients
compared to controls [78]. The differential alternative splicing of zinc finger protein 672
(ZNF672, Figure 2) between MIA and control nursed males could be related to reports that
this gene contributes to the progression of SSD [79] and that this gene is over-expressed in
the blood of SSD patients compared to controls [80].

The detection of differential alternative splicing in the gene potassium voltage-gated
channel subfamily A member 6 (KCNA6) among MIA relative to control nursed males
(Figure 2) could be correlated with reports that polymorphisms in this gene are associated
with SSD [81]. Expression of KCNA6 is developmentally regulated and is correlated with
lower neuronal excitability [82].

The differential alternative splicing in myelin transcription factor 1 like (MYT1L) is in
agreement with a reported association of this gene with ASD [83], SSD [84], and MDD [85].
The most extreme over-expressed MYT1L isoform was two-fold higher than the most
extreme under-expressed isoform, and this pattern correlates with the over-expression of
MYT1L in the hippocampus of MIA offspring from influenza-challenged mice [44]. The
differential alternative splicing of vasculin (GPBP1) between MIA and control males could
refer to the over-expression of this gene in the forebrain of a rat model for depression and
mood disorders [86].
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The identification of differentially abundant isoforms that map to the genomic region
where genes zinc finger protein 74 (ZNF74) and integral membrane protein DGCR2/IDD
(DGCR2) are co-located could be related to reports of the association between copy number
variation in both genes and higher vulnerability to SSD and ASD [87]. Moreover, polymor-
phisms in ZNF74 and DGCR2 may contribute to variations in the age-of-onset [88] and
overall risk of developing SSD [89,90].

The most extreme over- and under-expressed isoforms from 2′,3′-vyclic nucleotide
3′ phosphodiesterase (CNP) between MIA and control nursed pigs had similar levels
of differential splicing. The opposite isoform profiles reflect the range of CNP findings,
including the over-expression of CNP in the hippocampus of MIA offspring from Poly(I:C)-
challenged rhesus macaques [47], and the under-expression of CNP in the prefrontal
cortex of MIA offspring from Poly(I:C)-challenged mice [45]. Moreover, CNP was under-
expressed in the white matter of MIA male mice exposed to inflammatory LPS challenge
during development, in the amygdala of patients with major depressive disorder (MDD),
and mice exposed to chronic physical and psychological stress [4,91,92].

Consistent with the differential alternative splicing of glial fibrillary acidic protein
(GFAP) detected in this study, bias in the expression of GFAP transcripts was reported
in a mouse model of ASD [93]. The over-expression of the most extreme GFAP isoform
in MIA relative to control nursed males was two-fold higher than that of the isoform
with the opposite pattern. This relative pattern agrees with reports that a shorter GFAP
isoform was three-fold over-expressed in the cortex of PTEN-knockout mice that present
ASD-like behavior compared to controls [93]. In addition, GFAP was over-expressed in
the frontal cortex [16] and hippocampus [94] of MIA offspring from LPS-challenged rats
and the hippocampus of MIA offspring of mice exposed to the pro-inflammatory cytokine
interleukin-6 (IL-6) during gestation [95]. The abundance of the GFAP protein product was
higher in the amygdala of MIA offspring from LPS-challenged mice than controls [26].

The differential alternative splicing of the gene neurofilament medium polypeptide
(NEFM) is characterized by an isoform under-expressed (9.7%) in MIA relative to control
weaned males (Figure 2). This finding is aligned with reports of lower NEFM protein
abundance in the prefrontal cortex of MIA offspring from Poly(I:C)-challenged mice [96].
Furthermore, NEFM was under-expressed in the adrenal cortex of 8-week-old female
pigs inoculated with LPS and was implicated in AD development [97]. The differential
splicing of the neuropeptide precursor corticotropin releasing hormone receptor 1 (CRHR1)
detected in MIA weaned pigs (p-value < 0.001) agrees with the differential expression of
these gene among male offspring of mice administered Poly(I:C) during gestation [98].

The differential splicing and over-expression of an ADP-ribosylation factor-like pro-
tein 4D (ARL4D) isoform (Figure 2) in MIA relative to control weaned males (27.9%) is
aligned with the over-expression of ARL4D in the cerebral cortex GABAergic neurons
of mice heterozygous for GAD67-GFP knock-in line that presents ADHD and ASD-like
behaviors [99]. Likewise, the differential alternative splicing detected in neurocan (NCAN)
could be connected with mutations in this gene associated with SSD and bipolar disor-
der [100]. NCAN variants were associated with limbic gray matter deficits and major
depression [101], and a knockout mouse line presented deficits in synaptic plasticity in the
hippocampus [102].

The characterization of the alternative splicing of heterogeneous nuclear ribonucleo-
protein A2/B1 (HNRNPA2B1) includes subtypes B1 (including all exons), A2 (excluding
exon 2), B1b (excluding exon 9), and A2b (excluding exons 2 and 9) [103]. The differential
alternative splicing of HNRNPA2B1 detected between MIA and control weaned males
could be correlated with reports of associations between mutations and differential expres-
sion of this gene and neurodegenerative diseases [103]. Likewise, mutations in TCF25 were
associated with ASD, and the reported role of this gene in synaptic function and brain
development may align with the differential alternative splicing between MIA and control
males [104]. The differential alternative splicing between MIA and control males uncov-
ered for clusterin (CLU) may be related to reports that genetic variants in clusterin (CLU)
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were associated with AD development, and alternative transcription start sites have been
identified as the driving mechanism for the multiple roles of the resulting transcripts [105].

The pre-mRNA process that regulates the usage of the two alternative 3′ exons of
CDC42 has been associated with neurogenesis [104] and may be linked to the differen-
tial alternative splicing between MIA and control weaned males in males the present
study. CDC42 participates in the transportation of GABAergic receptors towards anxiolytic
synapses [106] and disruptions in the CDC42 pathway have been noted in the prefrontal
cortex of SSD patients [107].

4.3. Functional Analysis of Alternatively Spliced Genes Associated with Maternal Immune
Activation

The investigation of pathways encompassing differentially spliced genes between
MIA and control pigs yielded insights into the processes potentially affected exposure
to inflammatory signals during gestation. The pathway non-alcoholic fatty liver disease
(NAFLD; ssc04932; Table 4) was enriched among genes impacted by MIA in nursed
females. The detection of the NAFLD pathway is related to the reported association of this
pathway with cognitive impairment [108], possibly accelerated brain aging [109], and AD
development as indicated by proteomic profiling of mice hippocampi [110].

The Fc gamma R-mediated phagocytosis pathway (ssc04666) was also enriched among
genes differentially spliced between MIA and control nursed females. This pathway was
enriched among differentially expressed genes in the brains of mice injected with LPS [111]
and in patients with AD relative to controls [112]. The enrichment of the endocytosis path-
way (ssc04144) in both sexes may be connected to the role of endosomes in neuronal signal
transduction, development, dendritic arborization, and axon growth, and guidance [113].

The pathways cGMP-PKG signaling (ssc04022), dopaminergic synapse (ssc04728),
amphetamine addiction (ssc05031), ribosome (ssc03010), and calcium signaling (ssc04020,
Table 4) encompassed multiple genes presenting differential alternative splicing between
MIA and control males. Increased cGMP levels increased synaptic plasticity and attenuated
the behavioral deficits observed in offspring mice exposed to Poly(I:C)-elicited MIA [114].
Additionally, increased phosphorylation of PKG targets has been observed in the anterior
cingulate cortex of SSD patients compared to controls [115], and PKG may play a role in
ASD [116]. The dopaminergic synapse pathway was enriched among genes differentially
expressed between rats exposed to LPS-induced MIA and controls [117]. Likewise, changes
in the dopaminergic system have been noted in rats exposed to Poly(I:C)-elicited MIA, in-
cluding a reduction in spontaneous firing of dopaminergic neurons in the ventral tegmental
area and an increase in the levels of extracellular dopamine in the nucleus accumbens [118].
The enrichment of the amphetamine addiction pathway is related to the dopamine synapse
pathway, as amphetamine is a dopamine agonist that increases extracellular dopamine
levels [119]. The enrichment of the amphetamine pathway agrees with evidence of altered
amphetamine response in rats exposed to LPS-induced MIA compared to controls [117].

The enrichment of calcium signaling pathway among genes that were alternatively
spliced between MIA and control males is supported by evidence that this pathway is dys-
regulated in individuals with ASD [120]. Moreover, disruption of calcium-ion homeostasis
was reported in the neocortex of ASD individuals relative to controls [121]. The detection
of differential splicing between MIA and control males annotated to the ribosome pathway
could be related to decreased expression of ribosomal genes essential to protein synthesis
in the offspring of Poly(I:C)-challenged mice compared to controls [21].

The enrichment of metabolic pathways among genes differentially spliced between
MIA and control weaned males is supported by genes including POLR3GL, POLR2E,
PRIM1, and AK2. The metabolic pathway includes genes that participate in purine
metabolism, amino acids metabolism, and oxidative phosphorylation and this result may
indicate a metabolic shift in the pigs exposed to MIA. Previously we reported changes
in hepatic metabolites annotated to amino acid metabolic pathways [8], and changes in
blood chemical profiles [9] associated with MIA that are aligned with the present alterna-
tive splicing results in the amygdala. The over-representation of purine metabolism (e.g.,
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POLR3GL, POLR2E, PRIM1, AK2) could be associated with reports that abnormalities in
the purine metabolism are common in ASD and that purinergic treatments can alleviate
symptoms [122,123]. The over-representation of amino acid metabolism (e.g., HIBCH,
AMDHD1, ASL, GATM, SAT1) supports reports that genes in this pathway were disrupted
in the offspring of rats challenged with Poly(I:C) during gestation [124]. Likewise, the
over-representation of genes annotated to oxidative phosphorylation (e.g., ATP5H, COX6C,
NDUFS8) is consistent with the differential expression of genes in the prefrontal cortex of
offspring from mice challenged with Poly(I:C) during gestation [125].

5. Conclusions

The present investigation of the effects of MIA on alternative splicing in the amygdala
identified significant changes in the relative abundance of transcript isoforms in multiple
genes and pathways. The detection of genes encompassing substantially over- and under-
expressed isoforms in MIA relative to controls such as MAG, CNP, GFAP, and RPL28
offered insights into some contradictory results from the study of overall gene expression
patterns. Our results demonstrate the benefits of studying the impact of MIA on the relative
expression profile of isoforms because the characterization of MIA based on overall gene
expression patterns may prevent the uncovering of opposite isoform patterns or changes
in relative isoform abundance elicited in the amygdala by inflammatory signals during
gestation.

The detection of MIA effects on differential splicing that are sex- and weaning stress-
dependent highlights the importance of studying the effects of the first challenge resulting
in MIA across sexes and in the context of a second challenge. A similar number of genes
(approximately 420 genes) presented differential alternative splicing associated with MIA
in females and males, and the majority of the differential splicing was detected under
weaning stress, relative to nursed conditions. Of these, 30 genes presented MIA-associated
differential splicing in two sex or stress groups and two genes (SLC2A11 and MAG)
presented differential alternative splicing in three out of four sex-stress groups. The sex-
and stress-dependent nature of the differential splicing patterns detected could assist in
understanding and developing more individualized effects of MIA on molecular pathways,
underlying related physiology, and behavior disorders.

Among the genes presenting differential alternative splicing between MIA and control
pigs, several (e.g., PDK2, PRKAR1B, NPTXR, SHANK1, ZNF672, MYT1L, NEFM, and
ARL4D) have been previously associated with ASD, SSD, and other behavioral disorders.
Likewise, pathways have been previously related with MIA-associated neurodevelop-
mental and neurodegenerative disorders, including Fc gamma R-mediated phagocytosis,
endocytosis, cGMP-PKG signaling pathway, and dopaminergic synapse. The results from
this study advance the understanding of the effect of MIA on alternative splicing, includ-
ing within-gene isoforms presenting opposite association and changes in relative isoform
abundance and the characterization of sex- and second stress-dependent MIA effects.
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