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ORIGINAL ARTICLE
Transgenerational transmission and modification of

pathological traits induced by prenatal immune activation

U Weber-Stadlbauer'?, J Richetto', MA Labouesse?, J Bohacek®, IM Mansuy® and U Meyer'??

Prenatal exposure to infectious or inflammatory insults is increasingly recognized to contribute to the etiology of psychiatric
disorders with neurodevelopmental components, including schizophrenia, autism and bipolar disorder. It remains unknown,
however, if such immune-mediated brain anomalies can be transmitted to subsequent generations. Using an established mouse
model of prenatal immune activation by the viral mimetic poly(l:C), we show that reduced sociability and increased cued fear
expression are similarly present in the first- and second-generation offspring of immune-challenged ancestors. We further
demonstrate that sensorimotor gating impairments are confined to the direct descendants of infected mothers, whereas increased
behavioral despair emerges as a novel phenotype in the second generation. These transgenerational effects are mediated via the
paternal lineage and are stable until the third generation, demonstrating transgenerational non-genetic inheritance of pathological
traits following in-utero immune activation. Next-generation sequencing further demonstrated unique and overlapping genome-
wide transcriptional changes in first- and second-generation offspring of immune-challenged ancestors. These transcriptional
effects mirror the transgenerational effects on behavior, showing that prenatal immune activation leads to a transgenerational
transmission (presence of similar phenotypes across generations) and modification (presence of distinct phenotypes across
generations) of pathological traits. Together, our study demonstrates for, we believe, the first time that prenatal immune activation
can negatively affect brain and behavioral functions in multiple generations. These findings thus highlight a novel pathological

aspect of this early-life adversity in shaping disease risk across generations.

Molecular Psychiatry (2017) 22, 102-112; doi:10.1038/mp.2016.41; published online 29 March 2016

INTRODUCTION

Maternal exposure to infectious or inflammatory insults during
pregnancy increases the offspring’s risk to develop neuropsychia-
tric disorders, including schizophrenia,'? autism®* and bipolar
disorder.>® This epidemiological association is further supported
by preclinical animal models demonstrating abnormal brain
development and behavioral dysfunctions following prenatal
administration of infectious pathogens or immune activating
agents.””"" The current consensus is that cytokine-associated
inflammatory events, together with downstream pathophysiolo-
gical effects such as oxidative stress and (temporary) macronu-
trient and micronutrient deficiency, are critical in mediating the
adverse effects of maternal infection on the fetal system.'®'?
These post-acute pathological processes disrupt normal develop-
ment of the central nervous system,'>'* change subsequent
maturation of central nervous system micro- and macro-
structures,”>'® and cumulate into long-term behavioral and
cognitive disturbances.” "2

In contrast to the widely described disturbances manifest in the
direct descendants of gestationally infected mothers, it remains
unknown if infection-induced brain anomalies can be transmitted
to subsequent generations without any further exposure. The
phenomenon of non-genetic transgenerational transmission of
behavioral traits has gained increasing recognition in view of its
potential importance in the etiology and treatment of multi-
factorial disorders.'’ 2! Transgenerational transmission of disease
susceptibility has been observed following early-life exposure to

various environmental adversities, including prenatal or neonatal
stress,>>"%° prenatal malnutrition,”’~>° and chronic psychostimu-
lant or alcohol intake.** It likely involves epigenetic mechanisms,
that is, changes in genome activity and expression without
altering the DNA sequence.>*33

To the best of our knowledge, the present study is the first to
examine transgenerational effects of prenatal immune activation
using a well-established model of maternal viral-like immune
activation in mice. The model is based on maternal administration
of the viral mimetic poly (I:C = polyriboinosinic-polyribocytidilic
acid), which induces a cytokine-associated viral-like acute phase
response in maternal and fetal compartments, including the fetal
brain3*** Prenatal poly(I:C) treatment in rodents leads to multiple
behavioral and cognitive disturbances in the direct descendants,
many of which associated with developmental psychiatric disorders
such as schizophrenia and autism.”'®** The prenatal poly(l:C)
exposure model thus offers a unique opportunity to identify
possible transgenerational effects following prenatal exposure to an
etiologically relevant risk factor. Using this model, we compared
behavioral and transcriptomic changes in consecutive generations
derived from immune-challenged or control ancestors.

MATERIALS AND METHODS
Animals

C57BI6/N mice were used throughout the study. Female and male mice
were originally obtained from Charles River Laboratories (Sulzfeld, Germany)

"Institute of Pharmacology and Toxicology, University of Zurich-Vetsuisse, Zurich, Switzerland; *Physiology and Behavior Laboratory, ETH Zurich, Schwerzenbach, Switzerland and
3Laboratory of Neuroepigenetics, University of Zurich and ETH Zlrich, Center for Neuroscience Zurich, Brain Research Institute, Zurich, Switzerland. Correspondence:
Professor U Weber-Stadlbauer or Professor U Meyer, Institute of Pharmacology and Toxicology, University of Zurich-Vetsuisse, Winterthurerstrasse 260, 8057 Zurich, Switzerland.

E-mail: ulrike.weber@uzh.ch or urs.meyer@vetpharm.uzh.ch

Received 23 December 2015; revised 5 February 2016; accepted 17 February 2016; published online 29 March 2016


http://dx.doi.org/10.1038/mp.2016.41
mailto:ulrike.weber@uzh.ch
mailto:urs.meyer@vetpharm.uzh.ch
http://www.nature.com/mp

and kept in our in-house specific-pathogen-free (SPF) facility until breeding
began to generate poly(l:C) and control offspring (see below). All animal
breeding and holding rooms were temperature- and humidity-controlled
(21£1 °C, 55+ 5%) and kept under a reversed light-dark cycle (lights off:
0700-1900 hours). All animals had ad libitum access to food (Kliba 3436,
Kaiseraugst, Switzerland) and water throughout the entire study. All
procedures described in the present study had been previously approved
by the Cantonal Veterinarian’s Office of Zurich, and all efforts were made to
minimize the number of animals used and their suffering.

Maternal immune activation in Fy mothers

To generate the first-generation (F;) offspring of polyl:C-exposed or control
mothers, female mice were subjected to a timed-mating procedure as fully
described in the Supplementary Information. Pregnant F, dams on
gestation day (GD) 9 were randomly assigned to receiving either a single
injection of poly(l:C) (5 mg/kg; potassium salt; Sigma-Aldrich, Buchs,
St. Gallen, Switzerland) or vehicle (sterile pyrogen-free 0.9% NaCl) as
described in the Supplementary Information. For each experimental series
involving Fo exposures, a total of 16 pregnant dams were used, half of
which were allocated to the poly(l:C) treatment, and the other half to the
vehicle treatment. The selected gestational window (that is, GD 9) in mice
corresponds roughly to the middle of the first trimester of human
pregnancy with respect to developmental biology and percentage of
gestation from mice to humans3* It was selected based on previous
findings showing that poly(l:C) exposure on GD 9 leads to multiple
behavioral abnormalities in the adult offspring.>*—3#

Allocation of F; offspring and production of subsequent
generations

All F; offspring were weaned and sexed on postnatal day 21. Littermates of
the same sex were caged separately and maintained in groups of 3 to 5
animals per cage. On reaching early adulthood (postnatal day 70 onwards),
F, offspring were either allocated to behavioral testing (see below) or
breeding, the later of which served to produce subsequent generations of
immune-challenged or control ancestors. Hence, we always used
behaviorally naive littermates as breeding pairs to obtain the F, and F3
generations, thereby avoiding possible confounds in breeding mice arising
from prior behavioral testing. Timed-mating procedures were used to
generate F, and F3 offspring as fully described the Supplementary
Information.

In a first series of experiments (Figure 1a), F; males born to poly(l:0)-
exposed mothers were mated with F; females born to poly(l:C)-exposed
mothers (N =6 litters); and F; males born to control mothers were mated
with F; females born to control mothers (N =8 litters). In a second series of
experiments (Figure 2a), we dissected the maternal (ML) and paternal (PL)
lineages of F; poly(:C) offspring for the subsequent generation of
F, offspring. To obtain F, poly(l:C) offspring via the ML, we crossed female
F; poly(l:Q) offspring with male F; control offspring (N=6 litters); and to
generate F, poly(l:C) offspring via the PL, we mated male F; poly(l:C)
offspring with female F; control offspring (N=7 litters). F; control males
and F; control females were crossed to obtain the F, control lineage.
A third series of experiments was performed to generate F; offspring with
poly(l:C)-exposed or control ancestors, thereby focusing on the PL
(Figure 3a). To this end, F; males born to poly(l:C)-exposed mothers were
mated with F; control females to generate PL-derived F, poly(I:C) offspring.
The latter were then mated with F, control offspring to obtain PL-derived
F3 poly(l:C) offspring (N=29 litters). Control F5 offspring were generated by
crossing F, control males and F, control females (N =38 litters).

Behavioral testing of F;, F, and F; offspring

For each generation, behavioral testing started when the offspring reached
postnatal day 70 and included tests assessing social interaction, cued
Pavlovian fear conditioning, prepulse inhibition (PPI) of the acoustic startle
reflex and behavioral despair in the forced swim test. These tests were
selected based on their relevance to neuropsychiatric disorders with
prenatal infectious etiologies, including schizophrenia, autism and bipolar
disorder.3*3¢3%40 Fyrthermore, prenatal immune activation has previously
been shown to cause deficits in social interaction, learned fear, PPl and
behavioral despair.3®3741*> A detailed description of the apparatuses and
procedures is provided in the Supplementary Information. For each
generation, 1-2 offspring per sex and litter were randomly selected
and behaviorally tested to minimize possible confounds arising from
litter effects.*® Both male and female offspring were used in the first
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experimental series (Figure 1a). Given that the first experimental series did
not reveal sex-dependent effects in the F; and F, poly(l:C) offspring, all
subsequent experimental series were conducted using male offspring only
to minimize the number of animals. The sample sizes ranged from 9 to 14
offspring per group and sex based on our previous studies.’>*>3¢ The
offspring in each generation were behaviorally tested in the following
order: (1) social interaction test, (2) cued Pavlovian fear conditioning,
(3) PPI test and (4) forced swim test. A test-free resting period of 5-7 days
was imposed between individual tests.

Next-generation mRNA sequencing

We performed next-generation messenger RNA (mRNA) sequencing to
compare genome-wide transcriptional changes in F; and F, offspring of
immune-challenged mothers relative to F; and F, control offspring.
Behaviorally naive mice were killed by decapitation at the age of 12 weeks.
mRNA was extracted from discrete brain regions and quantified using
the lllumina TruSeq stranded mMRNA preparation protocol and the
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) system as
described in the Supplementary Information. Differential expression was
computed by an experimenter who was blind to the treatments for
pairwise comparisons using the Bioconductor package Deseq2 with false
discovery rate-corrected P-values (P <0.05) set to a 10% threshold
(g <0.1).*” The FASTQ files were deposited at the European Nucleotide
Archive (study accession number is: PRJEB12581). Functional network
prediction was generated through the use of QIAGEN’s Ingenuity Pathway
Analysis®®*° (IPA; QIAGEN, Redwood City, CA, USA) as described in the
Supplementary Information. In the present study, we focused on mRNA
expression in the amygdalar complex (bregma: — 1.0 to —2.0 mm) based
on the results obtained in the behavioral tests.

Statistical analyses

All behavioral data met the assumptions of normal distribution and
equality of variance and were analyzed using analysis of variance to
identify the main effects of prenatal treatment and sex, as well as their
interaction. Exclusion of animals was not applied. The individual analysis of
variances used for each behavioral test are outlined in Supplementary
Tables 1-4, which also summarize the statistical outcomes obtained by
analysis of variance. Whenever appropriate, Fisher's least significant
difference post hoc tests were used to test group differences in the
behavioral analyses. All statistical analyses for the behavioral tests were
performed using the statistical software SPSS (version 13.0; IBM, New York,
NY, USA), and statistical significance was set at P < 0.05. Differential gene
expression was analyzed using the Bioconductor package Deseq2 as
described in the Supplementary Information.

RESULTS

Behavioral phenotypes in first- and second-generation offspring of
immune-challenged mothers
To identify possible transgenerational effects of prenatal viral
immune activation, we first compared the behavioral phenotypes
emerging in F; and F, offspring of poly(l:C)-exposed mothers
relative with corresponding control offspring. The F; and F,
generations were generated as illustrated in Figure 1a.
Consistent with previous studies,*'**** we found that F,
poly(l:C)-exposed offspring displayed impaired sociability in a
social interaction test, in which they were allowed to concomi-
tantly explore an inanimate dummy object and an unfamiliar live
mouse. Whereas F; control offspring showed a strong preference
for the live mouse versus the inanimate dummy object, F; poly(l:C)
offspring did not display such a preference (Figure 1b). These
effects were not confounded by changes in general locomotor
activity (Figure 1b). Moreover, F; control and poly(l:C) offspring
explored the dummy object to a similar extent, whereas the
exploration times for the live mouse markedly differed between
the two groups (Supplementary Figure 1). Hence, the poly(l:0)-
induced social interaction deficits is not attributable to a general
deficiency in exploration but rather reflects a genuine and selective
impairment in social approach behavior. F, offspring of poly(l:0)-
exposed ancestors showed a similar deficit in sociability without
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Figure 1. Behavioral phenotypes in F; and F, offspring derived from immune-challenged and control ancestors. (a) Breeding scheme used to

generate F; and F; offspring with control and poly(l:C)-exposed ancestors. Pregnant Fo, mice were treated with control (CON) or poly(l:C) (POL)
solution to obtain F; CON and F; POL offspring, which in turn were either assigned to behavioral testing or used as breeders to obtain the F,
generation. F; CON males and females were mated to generate F, CON offspring, and F; POL males and females were crossed to generate F,
POL offspring. (b) Social interaction test. The bar plots show the percent time spent with an unfamiliar mouse and total distance moved
during the test. (c) Prepulse inhibition (PPI) of the acoustic startle reflex. The line plot shows percent PPI as a function of different pulse
intensities (P-100, P-110 and P-120, corresponding to 110, 110 and 120 dB,) and prepulse intensities (+6, +12 and +18 dB, above background
of 65 dB,); the bar plot depicts the mean PPI scores for each of the three pulse conditions. (d) Cued Pavlovian fear conditioning. The line plot
shows the fear response (indexed by the percent time freezing) to successive CStone-USfoot shock) Presentations, and the bar plot depicts the
conditioned fear response during the subsequent test phase when the CSne) Was no longer followed by the USoot shock)- (€) Behavioral
despair test. The bar plots shows the percent time floating in the forced swim test. All values are means + s.e.m.; for each test, *P < 0.05,
P < 0.01 and ***P < 0.001, based on analysis of variance (ANOVA). N(F; CON) =26 (14m, 12f), N(F; POL) =21 (10m, 11f), N(F, CON) =18 (9m, 9f),
N(F, POL) = 18 (9m, 9f).

concomitant changes in general locomotor activity (Figure 1b) or

We further assessed sensorimotor gating in the F; and F,
dummy object exploration (Supplementary Figure 1).

generations using the paradigm of PPl of the acoustic startle

F, poly(l:C) offspring also displayed increased fear expression
in a cued Pavlovian fear conditioning test, which involved a tone
as the conditioned stimulus (CS) and electric foot shock as the
unconditioned stimulus (US). Whereas they did not differ from F,
controls during the initial acquisition of the conditioned fear
response to successive CSone)-US(foot shocky Presentations, F; poly
(1:C) offspring showed increased conditioned fear when the CS
was no longer followed by the US (Figure 1d). Similar fear-related
abnormalities were also present F, offspring of poly(l:C)-exposed
ancestors: Although the acquisition of the fear response during
initial tone-shock conditioning was not different between F,
control and F, poly(l:C) offspring, the latter displayed increased
cued fear expression in the subsequent test phase (Figure 1d).
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reflex, which indexes pre-attentive information processing and
gating. Consistent with numerous previous studies in mice,”'*3638
F, poly(l:C) offspring displayed a robust reduction in PPl scores
when 110 and 120 dB, stimuli served as pulses (Figure 1c). These
effects were not associated with changes in the responses to
prepulse-alone or pulse-alone trials (data not shown), suggesting
that prepulse detection and startle reactivity per se were not
affected by prenatal immune activation. F, offspring derived from
poly(l:C)-exposed or control ancestors showed comparable PPI
(Figure 1c) and responses to prepulse- and pulse-alone trials (data
not shown). Hence, despite the robust PPl deficits in the F1
generation of immune-challenged mothers, the F, generation did
not inherit the sensorimotor gating deficit.

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 2. F, phenotypes separated by maternal (ML) and paternal (PL) lineages. (a) Breeding scheme used to generate F; and F, generations
with control and immune-challenged ancestors. Pregnant Fo mice were treated with control (CON) or poly(l:C) (POL) solution to obtain F; CON
and F; POL offspring. To obtain F, POL offspring via the ML (F, POL/ML offspring), female F; POL offspring were crossed with male F; CON
offspring; and to generate F, POL offspring via the PL (F, POL/PL offspring), male F; POL offspring were mated with female F; CON offspring.
F1 CON males and females were crossed to obtain the F, control lineage (F, CON). (b) Social interaction test. The bar plots show the percent
time spent with an unfamiliar mouse and total distance moved during the test. (c) Prepulse inhibition (PPI) of the acoustic startle reflex. The
line plot shows percent PPl as a function of different pulse intensities (P-100, P-110 and P-120, corresponding to 110, 110 and 120 dB,) and
prepulse intensities (+6, +12 and +18 dB, above background of 65 dB,); the bar plot depicts the mean PPI scores for each of the three pulse
conditions. (d) Cued Pavlovian fear conditioning. The line plot shows the fear response (indexed by the percent time freezing) to successive
CS(tone)"US(foot shock) Presentations, and the bar plot depicts the conditioned fear response during the subsequent test phase when the CSone)
was no longer followed by the US oot shock)- (€) Behavioral despair test. The bar plots shows the percent time floating in the forced swim test.
All values are means +s.e.m.; for each test, *P<0.05 and P<0.01, based on Fisher's least significant difference post hoc test.

N(F; CON) =10m, N(F, POL/ML)=10m, N(F, POL/PL)=10m.

We also examined affective behaviors in F;- and F,-generation
offspring of immune-challenged mothers. To this end, we used
the forced swim test, which assesses behavioral despair associated
with depressive-like behaviors in rodents. The critical readout in
this test is the relative time an animal is immobile (floating) when
confined to a cylinder filled with water, from which it cannot
escape.®® F; poly(:C) offspring did not differ from F; control
offspring with regards to the time spent floating (Figure Te).
Despite the absence of behavioral despair in the F; generation,
however, F, offspring of poly(l:C)-exposed ancestors spent
significantly more time floating than F, control offspring
(Figure 1e). Hence, F, but not F, offspring derived from
immune-challenged mothers develop signs of behavioral despair.

Together, our data demonstrate that prenatal viral-like immune
activation leads to a transmission of behavioral phenotypes across
generations. Whereas social interaction deficits and increased
cued fear expression are similarly present in the F; and F,
offspring of immune-challenged mothers, increased behavioral
despair emerges as a novel phenotype in the second generation.
Our findings further show that sensorimotor gating impairments
are confined to the direct descendants of infected mothers and
are not transmitted across generations. The lack of significant
interactions between treatment and sex (Supplementary Tables 1
and 2) further suggests that these transgenerational effects
emerge in both male and female offspring and are, therefore,
independent of the offspring’s sex.

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Second-generation phenotypes separated by maternal and PLs

We next aimed to dissect the relative contributions of the ML and
PL in the transgenerational transmission of behavioral phenotypes
following prenatal immune activation. ML- and PL-derived F, poly
(I:CQ) offspring and corresponding controls were generated as
illustrated in Figure 2a.

We found that PL-derived F, poly(l:C) offspring showed deficits
in social interaction (Figure 2b, Supplementary Figure 1), increased
fear expression (Figure 2d) and behavioral despair (Figure 2e),
but not sensorimotor gating (Figure 2c). The former behavioral
abnormalities were not associated with changes in basal
locomotor activity (Figure 2b) or altered acquisition of the fear
response during initial tone-shock conditioning (Figure 2d).
Interestingly, F, poly(l:C) offspring did not display overt behavioral
impairments when they were derived from the ML ancestor
lineage (Figures 2b,d,e). These findings thus demonstrate that the
transgenerational transmission of behavioral deficits following
prenatal immune activation is mediated via the PL but not ML.

Persistence of behavioral phenotypes in third-generation offspring
with immune-challenged ancestors

We further examined whether abnormal behavioral phenotypes
induced by prenatal immune activation persist in the third
generation. For this purpose, we generated PL-derived F; offspring
with poly(l:C)-exposed or control ancestors as illustrated in
Figure 3a.

Molecular Psychiatry (2017), 102-112
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Figure 3. Persistence of behavioral phenotypes in F3 offspring derived from immune-challenged ancestors (a) Breeding scheme used to
obtain the F3 generation with control and immune-challenged ancestors deriving from the paternal lineage (PL). Pregnant F, mice were
treated with control (CON) or poly(l:C) (POL) solution, and F; POL males were mated with F; CON females to generate F, POL/PL offspring.
F, POL/PL males were then mated with F, CON females to obtain F3 POL/PL offspring. CON F3 offspring were generated by crossing F, CON
males and females. (b) Social interaction test. The bar plots show the percent time spent with an unfamiliar mouse and total distance moved
during the test. (c) Cued Pavlovian fear conditioning. The line plot shows the fear response (indexed by the percent time freezing) to
successive CSuone)-US oot shock) Presentations, and the bar plot depicts the conditioned fear response during the subsequent test phase when
the CSuone) Was no longer followed by the UStoot shock)- (d) Prepulse inhibition (PPI) of the acoustic startle reflex. The line plot shows percent
PPl as a function of different pulse intensities (P-100, P-110 and P-120, corresponding to 110, 110 and 120 dB,) and prepulse intensities (+6,
+12 and +18 dB, above background of 65 dB,); the bar plot depicts the mean PPI scores for each of the three pulse conditions. (e) Behavioral
despair test. The bar plots shows the percent time floating in the forced swim test. All values are means + s.e.m.; for each test, *P < 0.05, based
on analysis of variance (ANOVA). N(F; CON)=10m, N(F; POL/PL)=10m.

Consistent with PL-derived F, poly(l:C) offspring (Figure 2),
PL-derived Fs; poly(l:C) offspring displayed deficits in social
interaction (Figure 3b, Supplementary Figure 1) and increased
cued fear expression (Figure 3c). Again, these abnormalities were
not associated with changes in basal locomotor activity
(Figure 3b) or altered acquisition of the fear response during
initial tone-shock conditioning (Figure 3c). PL-derived F3 poly(l:C)
offspring also showed increased behavioral despair (Figure 3e) but
normal sensorimotor gating (Figure 3d). These data demonstrate
that abnormal behavioral phenotypes induced by prenatal
immune activation persist in the third generation of offspring.

Molecular Psychiatry (2017), 102-112

Transcriptional changes in first- and second-generation offspring
of immune-challenged mothers

To identify possible transgenerational effects of prenatal immune
activation in the central nervous system, we used next-generation
mRNA sequencing to compare genome-wide transcriptional
changes in the amygdalar complex of F; and F, offspring of
poly(l:C)-exposed and control offspring. We included behaviorally
naive F; poly(l:C) and F; control offspring (generated as shown in
Figure 1a), as well as PL-derived F, poly(l:C) offspring and F,
control offspring (generated as shown in Figure 2a). We focused
on transcriptional changes in the amygdalar complex based on its

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 4. Transcriptomic changes in F; and F, offspring derived from immune-challenged and control ancestors. Next-generation mRNA
sequencing was used to assess genome-wide transcriptomic changes in the amygdala. (a) Heat map of all differentially expressed genes
(DEGS) in F; offspring born to poly(l:C)-exposed mothers (F; POL) relative to F; control (F; CON) offspring. The color-coded key denotes
upregulation (purple) and downregulation (yellow) in terms of log2 ratios. (b) Graphical illustration of the G-protein-coupled receptor
signaling pathway, which is deregulated in F; POL relative to F; CON offspring. Colored elements in the pathway denote significant expression
changes. (c) Heat map of all DEGs in F, offspring derived from immune-challenged ancestors (F, POL) relative to F2 CON offspring. The color-
coded key denotes upregulation (purple) and downregulation (yellow) in terms of log2 ratios. (d) Graphical illustration of the glutamatergic
signaling pathway, which is deregulated in F, POL relative to F, CON offspring. Colored elements in the pathway denote significant expression

changes. All pathways were generated using Ingenuity Pathway Analysis. N(F; CON)=6m, N(F; POL)=5m, N(F; CON)=5m and
N(F, POL) =
critical involvement in social behavior,®' learned fear’® and with schizophrenia, bipolar disorder and/or autism, including

behavioral despair.>*>*

We revealed 2217 differentially expressed genes (DEGs) in F,
poly(l:C) offspring relative to F, controls (Figures 4a, 5a), and 4015
DEGs in PL-derived F, poly(l:C) offspring relative to F, controls
(Figures 4c, 5a). A summary of the top 10 canonical pathways
predicted by IPA to be significantly affected in F; poly(l:C)
offspring (relative to F; control offspring) and in PL-derived F, poly
(I:C) offspring (relative to F, control offspring) is provided in
Supplementary Table 5. Interestingly, G-protein-coupled receptor
signaling was one of the top canonical pathways affected
specifically in the F; generation (Figure 4b). Various genes
deregulated in this pathway have previously been associated

© 2017 Macmillan Publishers Limited, part of Springer Nature.

55,56 57
4, 1,

regulator of G-protein signaling cannabinoid receptor
y-aminobutyric acid (GABA) B1 and B2 receptors (GABBR1 and
GABBR2),°® adenosine A2A receptor (ADORA2A),>” and calcium/
calmodulin-dependent protein kinase 2b (CaMK2b)>’ (for a full list
of genes included in this pathway, see Supplementary Table 6). In
addition to those involved in G-protein-coupled receptor signal-
ing, a number of other genes were differentially expressed in F,
poly(l:C) offspring, many of which have been associated with
schizophrenia, bipolar disorder and/or autism (Supplementary
Table 7). These included reelin (RELN),>® forkhead box protein
1 and 2 (FOXP1 and FOXP2),%® serpin peptidase inhibitor
A3 (SERPINA3),5"% ankyrin 3 (ANK3)*” and neurexin 3 (NRXN3)*’
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Unique and mutual transcriptomic changes in the amygdala of F; and F, offspring derived from immune-challenged and control

ancestors. (a) The Venn diagram depicts the number of genes with differential expression only in F; offspring born to poly(l:C)-exposed
mothers (F; POL), differential expression only in F, offspring with poly(l:C)-exposed ancestors (F, POL), and differential expression in both
generations. (b) Graphical illustration of the dopamine and cAMP-regulated phophoprotein 32 (DARPP-32) signaling pathway, which is
deregulated in both F; POL and F, POL offspring. Colored elements in the pathway denote significant transcriptional changes with the
functional nodes. Orange and blue color symbolizes changes that are specific to F; POL and F, POL offspring, whereas green color symbolizes
common changes in both generations. The direction of transcriptional changes of specific genes that are encompassed in the illustrated
nodes is summarized in Supplementary Table 10. The pathway was generated using Ingenuity Pathway Analysis.

(Supplementary Table 7). Moreover, transcriptional changes in
numerous other signaling pathways, including tight junction
signaling, Sertoli cell junction signaling and axonal guidance
signaling, were affected in F; offspring of poly(l:C)-exposed
mothers (Supplementary Table 5). These findings thus show that
the transcriptomic effects of prenatal immune activation are not
restricted to neuronal signaling but further extend to various other
biological functions (Supplementary Table 5).

Likewise, F, offspring of poly(l:C)-exposed ancestors showed
transcriptional changes in several canonical pathways that are
associated with diverse biological functions (Supplementary Table
5). Glutamatergic signaling was one of the top canonical pathways
specifically affected in this generation (Figure 4d; Supplementary
Table 8). This pathway included numerous genes encoding for
subunits of the N-methyl-p-aspartate receptors receptor,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
and metabotropic glutamate receptors (Figure 4a, Supplementary
Table 8), many of which have been implicated in schizophrenia,
bipolar disorder and/or autism.>”**5* Transcriptional changes that
relate to altered oxidative phosphorylation and mitochondrial
dysfunctions were also among the top canonical pathways
affected in the F, generation of poly(l:C)-exposed ancestors
(Supplementary Table 8; Supplementary Figure 2). The presence
of altered oxidative phosphorylation appears particularly relevant
in view of previous findings demonstrating abnormal oxidative
and metabolic processing in models of prenatal immune
activation and other neurodevelopmental disruption models
relevant to schizophrenia and related disorders.®>*’
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Besides the unique association with either F; or F, poly(l:C)
offspring (Figure 4; Supplementary Tables 5-8), a remarkable
number of genes (1132) were differentially expressed in both
generations (Figure 5a). IPA revealed that the signaling pathway
involving dopamine and cAMP-regulated phosphoprotein
32 (DARPP-32; also known as PPP1R1B) is affected both in F,
and F, poly(l:C) offspring (Figure 5b). This pathway provides a
mechanism for integrating neuronal information in multiple brain
regions and via a variety of neurotransmitters, including dopamine
and glutamate.®® Alterations in the DARPP-32 pathway, or in the
expression of DARPP-32 itself, has previously been associated with
neuropsychiatric disorders, including schizophrenia, bipolar
disorder and major depression.®®®° This pathway has also been
widely implicated in fear-related behavior,”® which in turn is
disrupted in multiple generations with immune-challenged
ancestors (Figures 1d, 2d and 3c). Interestingly, some transcrip-
tional changes in the DARPP-32 pathway showed the same
direction in F; or F, poly(l:C) offspring, whereas others showed
opposite directions of changes in the two generations
(Supplementary Table 10). Examples of the former include
calcineurin subunits (PPP3CB and PPP3R1), the protein kinase A
subunit PRKAG2, protein kinase D1, adenylate cyclase 6 and
potassium channel inwardly rectifying subfamily members (KCNJ6
and KCNJ12). Examples showing an opposite direction of
transcriptional changes in the F; and F, generations involve
DARPP-32 (PPP1R1B) itself, dopamine receptor D2, protein kinase
C family members (PRKCH and PRKCZ), cGMP-dependent protein
kinase type | and inositol 1,4,5-trisphosphate receptor type 1.

© 2017 Macmillan Publishers Limited, part of Springer Nature.



Despite the opposite transcriptional changes of some genes,
pathway activity analysis by IPA predicted an overall inhibition
state of the DARPP-32 pathway in both generations. Taken
together, we identified gene sets that are uniquely changed in F,
and F, offspring of immune-challenged mothers, and at the same
time, we revealed genes sets commonly affected in both
generations. These transcriptional effects thus mirror the transge-
nerational effects on behavior, showing that prenatal immune
activation leads to a transgenerational transmission (presence
of similar phenotypes across generations) and modification
(presence of distinct phenotypes across generations) of patholo-
gical traits.

DISCUSSION

Prenatal exposure to infection and/or inflammation is increasingly
recognized to contribute to the etiology of psychiatric
disorders with neurodevelopmental components, including
schizophrenia,"*” autism®* and bipolar disorder.>® Using a well-
established mouse model of prenatal immune activation,®'" our
findings suggest for the first time that this environmental risk
factor can lead to pathological effects on brain and behavior in
multiple generations. Hence, our study identifies a novel role of
immunological early-life adversities in shaping the risk of brain
and behavioral abnormalities across generations. These findings
add to the growing evidence that transgenerational transmission
of disease susceptibility can occur following early-life exposures to
various environmental challenges, including prenatal and neona-
tal stress,®™® prenatal malnutrition®’"?° and prenatal alcohol
intake.'

The pathological effects induced by in-utero exposure to
environmental insults such as infection may be restricted to the
direct descendants or transmitted across generations depending
on whether the exposure affects the offspring’s somatic and/or
germ lines.'®2'32 |f the exposure affects somatic cells but spares
primordial germ cells, it likely changes the offspring’s develop-
mental trajectories and leads to a specific phenotype in later life,
but without transmitting any effects across generations.'®?'32 The
PPI phenotype, which was only present in the direct descendants
of immune-challenged mothers but not transmitted across
generations, seems to involve such effects. However, our
observations showing transgenerational transmission of deficits
in social interaction and learned fear down to the grand-offspring
(F3 generation) strongly suggest that in-utero exposure to immune
activation altered the programming of germ cells. According to
this scenario, the phenotypes were transmitted to subsequent
generations because of molecular changes in primordial germ
cells.'®?'32 The presence of behavioral abnormalities in the
grand-offspring (F; generation) further supports the involvement
of transgenerational non-genetic inheritance.'’®?'3?  Prenatal
immune activation thus likely altered epigenetic marks in the
germ line of the F; offspring, which resisted erasure and
epigenetic reestablishment during germ cell development.?

Our data further suggest that the transgenerational effects of
prenatal immune activation occur via the PL. This emphasizes a
critical role of the male germ cells as possible mediators of
transgenerational non-genetic inheritance following prenatal
immune activation. Indeed, male ancestor mice were only present
during mating but were not involved in the rearing of the pups,
leaving sperm cells as the only direct biological link between
father and offspring. This paternal mode of transgenerational
transmission is in line with other models of early-life adversities,
including models of prenatal or neonatal stress?>2° and prenatal
malnutrition,?”?® which similarly emphasize a crucial role of the
PL in the transgenerational inheritance of environmentally
acquired brain pathology. Based on our findings, it is tempting
to speculate that prenatal immune activation may induce
transgenerational effects via epigenetic modifications in male

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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gametes.>>*>?7 |nterestingly, rodent models of prenatal viral-like
infection have already identified several epigenetic alterations in
the offspring’s central nervous system, including altered
DNA methylation,”"”2 histone modifications’> and micro RNA
expression.”* The future exploration of possible epigenetic
changes in male gametes may thus offer important insights into
the molecular processes underlying the transgenerational inheri-
tance of brain pathology following prenatal immune activation.

It should be pointed out, however, that milder transgenera-
tional effects tended to emerge via the ML. Even though these
effects were far from significant, these findings suggest the
maternal line may mediate subthreshold levels or latent forms of
behavioral anomalies, which in turn may be unmasked when the
offspring are exposed to additional environmental stressors.”
Furthermore, whilst our data clearly underscore the importance of
the PL for the transgenerational transmission of social and fear-
related behavioral dysfunctions, our study does not exclude the
possibility that deficits in other behavioral and cognitive domains
could be transmitted from one generation to the next via the ML.

Another intriguing aspect of our findings relates to the
induction of novel phenotypes across generations. We show that
increased behavioral despair emerges in the F, and F3 offspring of
immune-challenged ancestors, but not in the direct descendants
(F4) born to infected mothers. These data suggest that maternal
immune activation during pregnancy can induce latent behavioral
symptoms that are passed on to and become manifest only in
subsequent generations. Hence, certain abnormalities induced by
in-utero immune activation can skip generations. Similar transge-
nerational patterns of inheritance involving a ‘silent carrier’ have
been reported in response to chronic stress exposure.>? A possible
molecular explanation for this scenario is that the exposure does
not cause overt effects on phenotype-relevant somatic tissues in
F, offspring, but is still able to reprogram primordial germ cells.
The latter may then affect developmental processes following
fertilization of the oocyte and precipitate the appearance of a
certain phenotype in subsequent generations, even if it was not
present in the F; generation.?

Similar to the behavioral alterations, prenatal immune activation
also caused a transgenerational transmission of transcriptional
changes. Although some gene expression abnormalities were
common to both generations, others emerged specifically in
either F, or F, offspring of immune-challenged mothers. Some of
the transcriptional changes revealed in F; poly(l:C) offspring are
consistent with previous studies using the poly(l:C)-based
maternal immune activation model. For example, a previous
study found increased protein expression of the a2 subunit of the
y-aminobutyric acid-A receptor in the amygdala of prenatally
immune-challenged mice,”® which is consistent with the present
findings of increased GABRA2 expression in F; poly(l:C) offspring.
Furthermore, the decrease in RELN expression found in the F; poly
(I:C) offspring is in line with previous studies showing reduced
RELN immunohistochemistry following prenatal immune activa-
tion in mice.>*”” It would be interesting to further examine the
transcriptome in other brain regions such as the prefrontal or
striatal areas to assess the similarities or differences with the
amygdala. Such additional investigations would also allow a more
detailed comparison with previous transcriptomic or proteomic
studies using maternal immune activation models, which mostly
focused on prefrontal or striatal areas thus far.'®’378

It should also be emphasized that most transcripts in F; and F,
poly(l:C) offspring showed relatively modest changes from
corresponding F; and F, controls: even though they withstood
correction by false discovery rate, the majority of transcripts
showed fold changes ranging between 1.5 and 2 (corresponding
to log2 ratios between 0.58 and 1). These effect sizes are
comparable to those occurring in cortical areas of adult mice
exposed to viral-like immune activation”® or influenza infection”®
during early gestation. Such modest effect sizes are not
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unprecedented given the early prenatal timing of the environ-
mental insult, which typically leads to pathological changes in
brain and behavior that are widespread but often relatively mild in
terms of effect size3” Moreover, some of the transcriptional
changes present in the direct descendants of immune-challenged
mothers can be transmitted to the next generation and may
contribute to the transgenerational transmission of behavioral
abnormalities.

One example of such transgenerational effects on the
amygdalar transcriptome involves genes that are part of the
DARPP-32 signaling pathway. We found that some transcriptional
changes in the DARPP-32 pathway showed the same direction in
F, or F, poly(l:C) offspring, which paralleled the transgenerational
effects of social and fear-related behaviors. On speculative
grounds, these findings indicate that transcriptomic changes in
the DARPP-32 signaling pathway may, at least in part, underlie the
modulation of these behavioral traits in prenatally poly(l:C)-
exposed offspring and their subsequent generations. In agree-
ment with this hypothesis, genetic and pharmacological studies in
rodent models have repeatedly implicated DARPP-32 signaling in
emotional behavior, especially fear conditioning.”® For example,
genetic or pharmacological inhibition of protein kinase A activity
leads to impaired expression of conditioned fear,”*®' whereas
inhibition of calcineurin activity results in the opposite effects 828
Here, we found that the transcripts of distinct protein kinase A
subunits were upregulated in F; and F, offspring of poly(l:C)-
exposed mothers, whereas the expression of calcineurin subunits
was decreased in both generations. These transcriptional changes
are consistent with, and may even contribute to, the emergence of
increased fear expression in offspring with immune-challenged
ancestors.”*®* Future studies will be needed, however, to
ascertain the functional contribution of these molecular changes
to the social and fear-related phenotypes in prenatally poly(l:C)-
exposed offspring and their subsequent generations.

Another aspect that warrants future investigations relates to the
potential influence of the timing of prenatal immune activation.
Numerous previous findings in rodent and monkey models
of prenatal immune activation suggest that the precise timing
of prenatal immune challenge critically determines the
specificity of inflammation-mediated brain and behavioral
pathology.>>**738588 |n the mouse, the early/middle (GD 6-3)
and late (GD 17 and beyond) gestational windows clearly differ in
terms of infection-mediated neurodevelopmental anomalies, so
that the developmental vulnerability of specific forms of postnatal
brain dysfunctions varies across different gestational stages.>”%°
Against this background, it appears essential to further explore
whether immune activation at distinct gestational time points
induces similar or differential transgenerational effects. We
believe that the latter possibility is more likely because epigenetic
processes such as DNA de- and remethylation follow timed
developmental patterns during embryogenesis and fetal
development.”>°! Prenatal environmental insults such as maternal
infection might therefore induce differential epigenetic modifica-
tions depending on the precise prenatal timing, which in turn
might shape the nature of transgenerational effects on behavior.

In conclusion, the transgenerational transmission and modifica-
tion of brain pathology following early prenatal immune activation
highlights a novel pathological aspect of this early-life adversity in
shaping disease risk across generations. Prenatal poly(l:C) admin-
istration in mice is currently one of the most widely used models
in developmental brain research and has applicability to various
neurodevelopmental disorders, especially to those with inflam-
matory etiologies.'®'® Therefore, our findings appear relevant
to developmental brain disorders independently of existing
diagnostic classifications and may help identifying complex
patterns of transgenerational disease transmission beyond genetic
inheritance.
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