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Background and Purpose: Autism spectrum disorders (ASD) are heterogeneous neu-
rodevelopmental disorders with considerably increased risk in male infants born pre-
term and with neonatal infection. Here, we investigated the role of postnatal immune
activation on hippocampal synaptopathology by targeting Reelin+ cells in mice with
ASD-like behaviours.

Experimental Approach: C57/Bl6 mouse pups of both sexes received lipopolysac-
charide (LPS, 1 mg-kg~%) on postnatal day (P) 5. At P45, animal behaviour was exam-
ined by marble burying and sociability test, followed by ex vivo brain MRI diffusion
kurtosis imaging (DKI). Hippocampal synaptogenesis, number and morphology of
Reelin+ cells, and mRNA expression of trans-synaptic genes, including neurexin-3,
neuroligin-1, and cell-adhesion molecule nectin-1, were analysed at P12 and P45.
Key Results: Social withdrawal and increased stereotypic activities in males were
related to increased mean diffusivity on MRI-DKI and overgrowth in hippocampus
together with retention of long-thin immature synapses on apical dendrites,
decreased volume and number of Reelin+ cells as well as reduced expression of
trans-synaptic and cell-adhesion molecules.

Conclusion and Implications: The study provides new insights into sex-dependent
mechanisms that may underlie ASD-like behaviour in males following postnatal

immune activation. We identify GABAergic interneurons as core components of

Abbreviations: a/p, the area per test point; ASD, autistic spectrum disorders; ASF, area sampling fraction; CA, cornu ammonis sectors; DKI, diffusion kurtosis imaging; EPI, echo planar imaging;
GCL, granular cell layer; HSF, height sampling fraction; Iba1, ionized calcium binding adaptor molecule 1; MD, mean diffusivity; MK, mean kurtosis; NLGN, neuroligin; NRXN, neurexin; P,
postnatal day; PIA, postnatal immune activation; Poly:IC, polyinosinic:polycytidylic acid; RARE, rapid imaging with refocused echoes; Sl, sociability index; SR, stratum radiatum; SSF,

section sampling fraction; T, the section thickness; TE, echo time; TR, repetition time; =P, the total number of the points hitting the region of interest; £Q, the total number of counted cells.
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tional value.

KEYWORDS

1 | INTRODUCTION

Preterm birth and its associated complications are among the most
serious global health issues that modern society faces (Blencowe
et al., 2013; Strunk et al.,, 2014). Particularly, extreme prematurity
(<28 gestational weeks) is associated with a substantially elevated
risk of neurodevelopmental problems, including up to 41% for autistic
spectrum disorders (ASD) (Hagberg et al., 2012, 2015; Moore
et al,, 2012). A recent large network study in the USA showed that
the prevalence of ASD is significantly higher in boys (23.4 per 1000)
than girls (5.2 per 1000) (Christensen et al., 2019). There are also dis-
tinct sex-dependent phenotypic characteristics showing that autistic
females have significantly lower internalizing and anxiety problems
than ASD males (Harrop et al., 2018; Prosperi et al., 2020). Individ-
uals with ASD show overgrowth of brain regions, such as cornu
ammonis sectors (CA) 1-3 of the hippocampus, already at 6 months
of age, suggesting that ASD manifests at an early age (Li et al., 2019).
Identifying pathophysiological and behavioural differences between
males and females with autism is crucial for understanding the
aetiology and may help in the early diagnosis of autism (Little
et al., 2017).

Besides a strong genetic component underlying ASD, environ-
mental factors are important (Hallmayer et al, 2011; Taylor
et al., 2020). Among environmental factors, postnatal infection occurs
in 20%-65% of very premature infants (Strunk et al., 2014), a popula-
tion which is highly associated with neurodevelopmental abnormali-
ties later in life (Cheong et al., 2017). It has also been suggested that
the combination of preterm birth and susceptibility genes makes
infants more vulnerable to environmental factors such as infection
after birth and contribute to autism pathogenesis (Vargas et al., 2005).
In support of the inflammation hypothesis, blood monocytes from
children with ASD demonstrate distinct cytokine responses following
activation of the innate immune system (Enstrom et al., 2010). An
array of rodent models has been developed to explore the link
between altered neuro-immune interactions and ASD. In these
models, toll-like receptor (TLR) activation is frequently used to trigger
the immune response (Ardalan et al.,, 2019). Prenatal and postnatal
administration of lipopolysaccharide (LPS), a TLR-4 agonist which
(Alexander &
Rietschel, 2001), was shown to induce ASD-like behaviour in animals,
especially in males (Basta-Kaim et al., 2015; Custddio et al., 2018). It

has also been reported that following maternal exposure to the TLR-3

mimics  Gram-negative  bacterial  infection

agonist polyinosinic:polycytidylic acid (poly(l:C)), a viral mimic, male
offspring display ASD-like behaviour (Malkova et al., 2012). While
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dysmaturation of excitatory synapses in the hippocampus following postnatal infec-

tion and provide cellular and molecular substrates for the MRI findings with transla-

autism, MRI diffusion kurtosis, neonatal infection, preterm, Reelin, synaptogenesis

What is already known

e Postnatal infection in premature infants increases the risk
of autism.
o Deficit in brain levels of reelin is a potential biomarker for

autism.

What does this study add

o Sex-dependent deficiency in Reelin+ cells contributes to
autistic like behaviour in mice.

o Defective Reelin+ cell development may affect genes
encoding transsynaptic adhesion proteins.

What is the clinical significance

e Reelin may represent a promising therapeutic target in

autism.

inflammation and prematurity have emerged as joint driving forces in
ASD, due to the heterogeneous nature of autism, conclusive evidence
for aetiology and pathogenesis has yet to be established.

Alterations in neuronal plasticity have been implicated in ASD
neuropathology. Of particular relevance for the regulation of neuronal
plasticity are genes encoding trans-synaptic adhesion proteins, includ-
ing presynaptic neurexins (NRXNSs), postsynaptic neuroligins (NLGNSs),
and cellular adhesion molecules, including Nectin-1 (Mandai
et al., 2015). These proteins affect various aspects of synapse biology,
including synaptogenesis, synaptic transmission, remodelling, and mat-
uration (Ichtchenko et al., 1995; Kwon et al., 2012). NRXN3 and
NLGN1 mutations have been associated with ASD (Glessner
et al,, 2009; Tejada et al., 2019; Vaags et al,, 2012; Yuan et al., 2018)
by regulating differentiation of excitatory and inhibitory synapses
(Varghese et al., 2017). Importantly, Nectin-1 regulates dendritic spine
density and inhibition of Nectin-1 results in increased number of syn-
apses in the hippocampus (Lim et al., 2012; Mizoguchi et al., 2002).
Reelin, an extracellular matrix protein expressed by a population of
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GABAergic Cajal Retzius (CR) interneurons, is essential for synaptic
plasticity through affecting dendrites and dendritic spine develop-
ment. Reelin-signalling regulates presynaptic and postsynaptic struc-
ture/function by impinging trans-synaptic adhesion proteins such as
NLGN, NRXN, and Nectin-1. Deficits in brain levels of reelin mRNA
have been reported in ASD cases, and it has been studied as a poten-
tial biomarker for autism (Fatemi, 2002; Lammert & Howell, 2016;
Persico et al., 2001; Zhang et al., 2002) and, in mice, offspring from
mothers treated with poly (I:C) showed reduced number of reelin+
cells in the hippocampus (Harvey & Boksa, 2012). However, despite
the importance of reelin-signalling in synapse plasticity and ASD, it is
unknown how adverse early postnatal life experience affects these
pathways and how it is related to sex-dependent autistic-like behav-
iours. Therefore, this study aimed to explore sex-dependent effects of
postnatal immune activation (PIA) on microstructure magnetic reso-
nance imaging (MRI) parameters, Reelin+ cells, and trans-synaptic
adhesion proteins in connection with synapse plasticity in the hippo-
campus in an animal model of postnatal infection with ASD-like phe-
notype. Importantly, we investigated neuropathological changes at an
early age and later in adolescence to evaluate the impact of PIA on

brain development over time.

2 | METHODS

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018). Studies were designed to
generate groups of equal size, using randomization and blinded

analysis.

21 | Materials

C57BI/6J) wild-type (WT) mice were purchased from Janvier Labs
(Le Genest-Saint-Isle, France) and Charles River Laboratories (Sulzfeld,
Germany) and fed standard laboratory chow diet (B&K, Solna, Swe-
den); lipopolysaccharide (LPS, #423, List Biological Laboratories,
Campbell, CA, USA); saline (Sigma Aldrich, St. Louis, MO, USA);
pentobarbital (Pentacour UK); 6% buffered formaldehyde (Histofix;
Histolab products AB, Vastra Frélunda, Sweden); isopentane (Sigma
Aldrich, USA); cryostat (Leica, CM 3050 S, Germany); FD Rapid Golgi
Stain TM Kit (FD Neuro Technologies, Inc., Columbia, MD, USA);
Vibratome (Leica, VT1200S Semiautomatic Vibrating Blade Micro-
tome, Wetzlar, Germany); thionin solution (Sigma T3387, USA);
phosphate-buffered saline (Gibco Invitrogen, Waltham, MA, USA); tar-
get retrieval solution (Dako, Glostrup, Denmark); 0.02% Triton-X-100
(PBS-T, Sigma Aldrich, USA); rabbit anti-ionized calcium binding adap-
tor molecule 1 (Ibal) (019-19741, Wako, Japan); anti-reelin (ab78540,
RRID:AB_1603148); goat-anti-rabbit antibody (Vector Laboratories,
Olean, NY, USA); ABC elite solution (Vector Laboratories, USA);
3,30-diaminobenzidine solution (Acros Organics, Geel, Belgium);

gelatin-coated slides (Sigma Aldrich, USA), digital camera (Leica DFC

295, Germany); newCAST™ (Visopharm, Hgrsholm,
Denmark); Nanodrop (2000/2000c, Thermo Scientific, Rockford, IL,
USA); QuantiTect Reverse Transcription Kit (Qiagen, USA); Quanti
Fast SYBR Green PCR Master Mix (Qiagen, USA); PCR primers
(Qiagen, USA), LightCycler 480 (Roche, Sweden); Quant-IT OliGreen
ssDNA Assay kit (Fisher Scientific, Sweden).

software

2.2 | Animals and induction of postnatal immune
activation (PIA)

Animal studies are reported in compliance with the ARRIVE guidelines
(Percie du Sert et al., 2020) and with the recommendations made by
the British Journal of Pharmacology (Lilley et al., 2020). C57BI/6J WT
mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France)
and Charles River Laboratories (Sulzfeld, Germany) and were bred in
the animal facility at the University of Gothenburg (Experimental Bio-
medicine, University of Gothenburg). Mice were housed with a normal
12-h light/dark cycle (lights on at 06:00) and ad libitum access to stan-
dard laboratory chow diet (B&K, Solna, Sweden) and drinking water in
a temperature-controlled environment (20-22°C). All animal experi-
ments were approved by the Gothenburg Animal Ethical Committee
(No 663/2017 with amendment Dnr 5.8.18-14322/2018). Mice of
both sexes were used. Sex was established by visual inspection. In
each experimental group, mice were obtained from at least three dif-
ferent litters. PIA was induced in male and female mice by a single
intraperitoneal injection of LPS (1 mg-kg ™2, #423, List Biological Labo-
ratories, Campbell, CA, USA), a well-established animal model, on
postnatal day (P) 5 to study effects of peripheral inflammation on
brain function (Smith et al., 2014). This age in mice represents a criti-
cal brain developmental stage equivalent to preterm human infants
(Semple et al., 2013). Control animals received an equal volume of
saline (Sigma Aldrich, St. Louis, MO, USA). The experiments included
two follow up time points: 7 days after injection (P12) and 45
+ 5 days after injection (P45 + 5), corresponding to paediatric and
adolescent age respectively. The P12 time point was studied as it cor-
responds to a stage in mouse brain development with high rate of
brain growth, including gliogenesis and increasing axonal and dendritic
density, and with significant brain plasticity activity (Semple
et al, 2013; Watson et al., 2006), neurodevelopmental processes
believed to be important in ASD (Carlezon et al., 2019; Fereshetyan
et al., 2021). Accordingly, there were eight groups, with equal num-
bers of male and female mice in each group, for each parameter stud-
ied. After weaning (P23), the mice were separated based on sex and
kept in standard conditions in the animal house (five mice from the

same sex in each cage).

2.3 | Behavioural tests
Male and female mice were evaluated at P45 + 5 (n = 10 per treat-
ment group per sex) for stereotypic and repetitive behaviour (marble

burying test, self-grooming), sociability, and interest in social novelty
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(three-chamber test). Before the initiation of behavioural tests, mice
were allowed to acclimatize to the test room for 1 h. For each mouse,
behavioural tests were performed at the same time every day (9 AM-
4 PM) at 60 lux illumination level, starting with the marble-burying
test followed by the three-chamber test with a resting time of 30 min
between tests. Four mice from the same sex were tested per day. Test
chamber and marbles were cleaned with 70% alcohol between each

mouse.

2.3.1 | Marble burying test

The test was performed according to the Deacon protocol
(Deacon, 2006). Briefly, 20 glass marbles (1.5 cm in diameter) were
placed on the top of the bedding (in five rows of four marbles) in a
Plexiglas box (32 cm [length] x 30 cm [width] x 18 cm [height]) with
5-cm bedding. Each mouse was placed in the box for 30 min, and at
the end of the test, the number of buried marbles was counted. The
criterion to count marbles as buried was that they were covered at
least to 50% by bedding.

2.3.2 | Three-chamber test

Mouse sociability was examined as previously described (Yang
et al., 2011) with minor modifications. Briefly, a stimulus mouse (sex-
and age-matched with no previous contact with the test mouse) was
selected from a cage of separately reared mice. The stimulus mouse
was habituated by being placed inside a pencil cup for 30 min once
per day for 2 days prior to the beginning of the test. On the day of
testing, both the stimulus mouse and the test mouse were habituated
to the testing room for 1 h prior to the start of behavioural tasks. The
size of the chambers were: middle chamber (25 cm height x 18.7 cm
length x 19.5 cm width), chamber 1 (25 cm height x 19.5 cm width x
19.5 cm length), and chamber 2 (25 cm height x 19.5 cm width x
19.5 cm length), with the overall dimensions of the box being 25 cm
(height) x 19.5 cm (width) x 57.7 cm (length). Between the cham-
bers, there was a 1-cm-wide gap which could be closed or opened
during testing. The size of the pencil cup was 10 cm in height with a
diameter of 8.4 cm at the bottom. The following test procedure was
employed: (1) The test mouse was placed for 10 min in the middle
chamber with closed gaps (habituation step); (2) the gaps between
chambers were opened, and the test mouse allowed to explore all
three chambers freely for 10 min (exploration step); (3) the stimulus
mouse was placed inside an empty pencil cup in one of the chambers,
and in the other chamber, an identical empty pencil cup was placed
and the test mouse was allowed to freely explore all three chambers
for 10 min; (4) the test mouse was returned to its resting cage. For
the test mouse, the following parameters were scored by a blinded
researcher: (1) time spent in the empty pencil cup chamber, (2) time
spent in the stimulus mouse chamber, (3) time spent sniffing the
empty cup or the “stimulus mouse™ cup, (4) time spent in the middle

chamber, and (5) number of crossings between the chambers to test
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the locomotor activity. Quantification of social behaviours was per-
formed manually by a researcher blinded to the groups of test mice.
The sociability index (SI) was calculated as (time exploring social
chamber time - exploring non-social chamber)/(time exploring social
chamber + time exploring non-social chamber) as described (Haida
et al., 2019). Self-grooming behaviour was scored for 10 min in the
second step of the test, while the mouse was freely exploring the

three chambers.

2.4 | Tissue processing for histological,
immunohistochemical and Golgi staining

At P12 (n = 6 per treatment group per sex) and P45+ 5 (n = 8 per
treatment group per sex), mice were deeply anaesthetized via intraper-
itoneal administration of pentobarbital (Pentacour, 150 mg-kg™%). Ani-
mals at P45 were randomly selected from behavioural groups 30 min
after completion of tests. The brains were removed from the skull, and
the right or left hemisphere was selected randomly, immersed in 6%
buffered formaldehyde (Histofix; Histolab products AB, Véstra
Frolunda, Sweden), and stored at 4°C until further processing. At the
time of tissue processing, hemispheres were placed in a cryoprotective
solution containing 30% (w-v~1) sucrose for 48 h followed by place-
ment on copper blocks for freezing in cold isopentane (Sigma Aldrich).
Free-floating 40-um-thick brain sections were cut coronally on a cryo-
stat (Leica, CM 3050 S, Germany) including the hippocampus (bregma
—0.94 mm to —4.20 mm). The hippocampus was selected as structural
abnormalities in this brain region have been observed in children with
ASD (Chaddad et al., 2017; Schumann et al., 2004), and the hippocam-
pus contains a high percentage of excitatory synapses (Megias
et al., 2001). Five series of sections were collected based on a system-
atic sampling principle and a section-sampling fraction of 1/8
(Gundersen, 2002) by selecting the first section of each series ran-
domly using a random table. Therefore, each series included 8-10 sec-
tions with a fixed distance of 320 pm (8 x 40 pm).

The contralateral hemisphere was processed for rapid Golgi-Cox
staining for impregnation of individual pyramidal neurons in the hip-
pocampus using the FD Rapid Golgi Stain TM Kit (FD Neuro Technol-
ogies, Inc., Columbia, MD) following the manufacturer's instructions
as described previously (Treccani et al., 2019). Briefly, Golgi-stained
hemispheres were sliced coronally (section thickness: 170 um for P45
and 150 pm for P12) on a vibratome (Leica, VT1200S Semiautomatic
Vibrating Blade Microtome, Wetzlar, Germany) and mounted on
gelatin-coated slides.

Systematic sampling ensured that the distribution of left and right

hemispheres was equal between the groups.

25 |
staining

Histological and immunohistochemical

The immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology Guidelines
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(Alexander et al., 2018). One set of sections was Nissl| stained with a
0.25% thionin solution (Sigma T3387) for determination of the volume
of hippocampal subregions under light microscopy.

The rest of the series were labelled using primary antibodies
for three-dimensional (3D) quantification of Reelin+ cells and
3D reconstruction of ionized calcium binding adaptor molecule
1 (Ibal) + microglia. Briefly, free-floating 40-um-thick sections were
washed in phosphate-buffered saline (PBS, Gibco Invitrogen,
Waltham, MA, USA) for 20 min. Sections were incubated in target
retrieval solution (Dako, Glostrup, Denmark) at 85°C for 40 min for
antigen retrieval. Afterwards, sections were washed for 20 min in
PBS, followed by blocking of endogenous peroxidases (3% H,O, in
PBS, Sigma Aldrich) for 10 min. Thereafter, sections were washed with
PBS containing 0.02% Triton-X-100 (PBS-T, Sigma Aldrich) and then
incubated with rabbit anti-lbal (1:1000, FUJIFILM Wako Shibayagi
Cat# 01-1874, RRID:AB_2314666) and mouse monoclonal anti-reelin
(1:1500, Abcam Cat# ab78540, RRID:AB_1603148) overnight at 4°C.
The next day, sections were washed in PBS-T and subsequently incu-
bated in polyclonal secondary biotinylated goat-anti-rabbit antibody
(1:250, Vector Laboratories, Olean, NY, USA) in PBS-T for 2 h in room
temperature (RT). Sections were washed in PBS-T followed by incuba-
tion in ABC elite solution (1.5% solution A + 1.5% solution B in PBS,
Vector Laboratories) for 1 h at room temperature. Afterwards, sec-
tions were washed in PBS-T for 20 min, and immunolabelling was per-
formed by using 3,30-diaminobenzidine solution (Acros Organics,
Geel, Belgium). Sections were washed in distilled water and stored in
PBS. Finally, sections were mounted on gelatin-coated slides (1.3%,
Sigma Aldrich), dehydrated through a graded series of alcohol (70%,

96%, and 99%), cleared in xylene for 10 min and coverslipped.

2.6 | Image acquisition of neurons, neuronal
dendritic spine reconstruction and analysis

In Golgi-stained sections, six pyramidal neurons (six apical and six
basal dendrites) per mouse were selected from the CA1 subregion for
morphological analysis. The 3D capturing of neuronal images was per-
formed using a light microscope modified for stereology with a digital
camera (Leica DFC 295, Germany) and newCAST™ software
(Visopharm, Harsholm, Denmark). Pyramidal neurons were identified
by their triangular-shaped soma from which apical dendrites and basal
dendrites protrude. Selection criteria for sampling by the optical dis-
ector were as follows: (1) neurons were completely separated from
other cells, (2) all dendrites were intact, and (3) the soma of the neu-
ron was in the middle of the thickness of the section. Using a 63x oil-
immersed lens, z-stacks of images were captured with a z-plane step
size of 1 pm. The 3D analysis of reconstructed neurons including den-
dritic spines was performed using Filament Tracer algorithm of the
Imaris software (version 8.4, Bitplane A.G., Zurich, Switzerland, RRID:
SCR_007370) (Treccani et al., 2019). For 3D reconstruction, the lon-
gest diameter of the cell body was used as a starting point. Branch
endpoints and bifurcations were then manually selected through

which branches and dendrites were traced. Morphological neuronal

parameters were (1) apical/basal dendrite length, (2) number of apical/
basal dendritic terminals, (3) convex hull volume, and (4) Sholl analysis
to estimate the complexity of the dendritic arborization. The analysis
performed was based on regularly spaced concentric circles centred
on the neuronal soma. The sum of the number of intersecting den-
drites for all circles was quantified for each neuron in intervals of
20 pm (Sholl, 1953; Treccani et al., 2019).

In addition to the neuronal morphology, general morphological
spine parameters were determined: (1) number of spines on apical/
basal dendrites, (2) mean spine density (spines/10 pm), (3) spine area,
(4) spine length, (5) spine neck length, (6) spine diameter, and (7) spine
neck diameter (Kim et al., 2013). Dendritic spines were also classified
into three morphological subtypes using the automated Imaris spine
classification analysis: (1) stubby spines with a length less than 1 pm,
lacking a spine head and with an apparent neck, (2) mushroom spines
with a length less than 3 pm and characterized by a short neck and
large spine head, and (3) long-thin spines with mean width of
head = mean width of neck and with elongated spine necks. General
morphological parameters were calculated also for the different spine
types.

2.7 | Image acquisition, 3D reconstruction, and
analysis of microglia

Ibal stains all microglia phenotypes. In order to determine morpholog-
ical changes associated with activation of microglia (Boche
et al.,, 2013; Kettenmann et al., 2011), we determined length and num-
ber of microglia processes as well as number of intersections on Ibal
stained sections. A total of 10 Ibal-positive microglia in the stratum
radiatum (SR) of the hippocampal CA1 area were selected in each ani-
mal at P12 and P45 (n = 6 per treatment group per sex) for 3D recon-
struction and morphological analysis. Selection criteria for microglia
were as follows: (1) cell bodies must be in the middle of the
section thickness with a clear border, (2) all branches are intact, and
(3) branches of the cell should be easily distinguishable from other
cells or background staining. A systematic set of Z-stacks of images
and z-plane step size of 1 um by selecting the middle of section as
zero was obtained on Ibal stained sections by using a 63x oil-
immersed lens on a light microscope modified for stereology. This
acquisition procedure ensured capturing more than one microglia per
image (Ardalan et al., 2017). The captured images were analysed using
the Filament Tracers algorithm in the Imaris software. Morphological
parameters were (1) number of the cellular branches, (2) total length
of the branches, and (3) Sholl analysis based on the radial distance

from the centre of the microglia somain 5 pm.

28 |
microglia

Estimation of density of number of Ibal+

Unbiased density of Ibal+ microglia (including ramified and amoe-

boid) in the CA1 SR subregion of the hippocampus was quantified on
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sections with section sampling fraction (SSF) (1/16) and area sampling
fraction (ASF = 10%) using 63x oil-immersed lens and optical probe
with the height of 20 pm. The density of cells was calculated
according to the following formula (McNaught, 1997).

N=3Q )V

where N is the total number of microglia per volume of brain region;
2Q is the number of counted microglia; and V is the volume of

regions of interest per sampling frame.

2.9 | Estimation of total number of Reelin+ cells
At P12 and P45, unbiased counting of number of Reelin+ cells was
performed in the CA1 subregion (including CA1 stratum oriens, CA1
pyramidal cells and CA1 stratum radiatum) of hippocampus using 63 x
oil-immersed objective lens and applying the optical fractionator
method (Gundersen, 1986). Delineation of the CA1 area was based
on differentiating the CA1 pyramidal cell layer from the CA2/CA3
pyramidal cell layer (subregion with larger dense packed cells com-
pared with CA1) and the subiculum (area with smaller cell number
density and bigger pyramidal cell size compared with pyramidal cells
found in CA1) with a 5x objective lens. To eliminate the effect of
shrinkage of tissue sections due to tissue preparation, the optimal dis-
ector height was calculated from a pilot study where cells were coun-
ted through the full thickness of eight selected hippocampal sections
(systematic random sampling of sections between animals). The
z-position of each counted Reelin+ cell and the section thickness per
sampling frame were measured. z-plot (histogram) of the counted cells
indicates constant cell density in the thickness from 5 pm to 25 pm
which corresponds to full penetration and linear shrinkage of the
section in the thickness of 20 um. The criterion for counting was that
the cell soma was in focus and fully or partially in the unbiased cou-
nting frame without touching the forbidden lines. The following for-
mula was used to calculate the total number of cells (Ardalan
et al,, 2016):

1 1 1 _
N=5sF asF HsF R

where N is the total number of Reelin+ neurons in CA1 area; 2Q  is
the number of counted cells; SSF is the section sampling fraction
(1/8); ASF is an area sampling fraction; and HSF is the height sampling
fraction (mean of the Q™ -weighted height of the disector).

2.10 | Morphological analysis of Reelin+ cells

Reelin+ cells can be divided into subgroups based on cell size (small
vs. large soma-dendritic-axonal arborizations) (Pelkey et al., 2017).
Therefore, we measured the Reelin+ cell soma in the CA1 subregion

of hippocampus at P12 and P45 by applying spatial rotator estimator
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independent of tissue orientation (Rasmusson et al., 2013). The cell
volume estimation was performed with a 100x oil-immersion objec-
tive lens by using a virtual 3D probe and making six intersection points
between cell boundaries and test rays in a series of parallel focal
planes with a good resolution. We sampled randomly 50-80 cells per
animal by the optical disector with a height of 20 pm with the area
sampling fraction (ASF = 1%).

211 | Quantification of hippocampal subregion
volumes on histological sections

The volume of the whole hippocampus and hippocampal subfields
(granular cell layer [GCL] and CA1 striatum radiatum [CA1 SR]) were
estimated on Nissl-stained sections by using the unbiased Cavalieri
estimator (Gundersen et al., 1988) using a 10x objective lens under
light microscope. Of note, volume measurement of hippocampal sub-
regions on the cryostat sections has the advantages of the negligible
amount of shrinkage in the x- and y-axes. The formula used for deter-

mining the volume of the subregions was

a 1
V:zp.<6>.1’.§

where XP is the total number of the points hitting the region of
interest per animal, (a/p) is the area per test point, T is the section

thickness (40 pm), and SSF is the section sampling fraction (1/8).

212 | Magnetic resonance imaging

2.12.1 | Sample preparation

Mice at P45 (n=5 per treatment group per sex) were deeply
anaesthetized via intraperitoneal administration of (Pentacour,
60 mg-ml~Y), perfusion-fixed with heparin (10 U-ml~%)-treated 0.9%
saline (pH = 7.3) for 2 min, followed by ice-cold 6% buffered formal-
dehyde (pH = 7.2-7.4) for 2 min. Following fixation, the head was
separated from the body just below the skull base. The skin was then
removed from the head to avoid susceptibility artefacts in the MRI
due to air bubbles trapped in the fur during imaging. This in-skull brain
preparation was previously used (Qvist et al., 2018) and has the

advantage of avoiding deformation of the brain.

2.12.2 | Data collection

MRI was performed using a 9.4T preclinical MRI system equipped
with a bore-mounted 25-mm quadrature coil used for both excita-
tion and reception. Prior to imaging, samples were washed for at
least 24 h in phosphate buffered saline (PBS, Sigma USA,
P4417-50TAB) to increase signal by removal of excess fixative.

The sample was then securely placed in a tube filled with
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fluorinert (FC-770, 3M inc.), which was fitted into the coil in such
a manner that all sample vibration was avoided. High resolution
BO-mapping was employed to ensure good shim conditions
(particularly important for the diffusion kurtosis imaging (DKI) data
collection).

Volumetric data were acquired at an in-plane resolution of
64 um x 64 pm and a slice thickness of 200 um using a rapid Imaging
with refocused echoes (RARE) sequence. Scan details were effective
echo time, TE = 10 ms, repetition time (TR) = 3133 ms, 4 averages,
RARE factor = 2. Total scan time was 23 min. After acquisition, data
were inspected for artefacts and exported in the dicom format for volu-
metric processing. DKI data were acquired at 200-um isotropic resolu-
tion using a segmented diffusion weighted echo planar imaging (EPI)
sequence. Five unweighted images were acquired in each slice for nor-
malization along with 20 encoding directions at each of four b-values
(0,0.8, 1.8, and 2.0 msum’z). Diffusion timings were 8/A = 7/16 ms,
and remaining parameters were 5 avs, TE = 30.27 ms, TR = 3000 ms,
BW = 277 kHz, 80 axial slices.

2.12.3 | DKl analysis

DKl is an advanced neuroimaging modality which is an extension of dif-
fusion tensor imaging by estimating the kurtosis (skewed distribution)
of water diffusion based on a probability distribution function. DKI data
was imported in Matlab (Mathworks Inc, USA) and preprocessed as
described previously. Briefly, data were Rician noise floor adjusted
(Hansen et al, 2013), denoised, and corrected for Gibbs-ringing
(Hansen et al., 2017). Following a normalization step, the data were
fitted to the DKI signal equation using non-linear optimization (Matlab,
The Mathworks, USA) as in Hansen et al. (2013). From the DKI fit, the
mean diffusivity (MD) and mean kurtosis (MK) were calculated for each
sample (Hansen et al., 2017; Jensen et al., 2005). Hippocampus was
then delineated on the unweighted diffusion images for each sample.
These delineations were used to extract average hippocampal MD and
MK values for each sample. At this point, blinding was lifted, and the
groups were tested for statistical differences in MD and MK using

Matlab's two-sample Kolmogorov-Smirnov test.

2.124 | Volumetric analysis from MRI images

The whole brain and hippocampi were delineated in the RARE MRI
data using ITK-snap (RRID:SCR_002010) (Yushkevich et al., 2006).
From these delineations, the brain and hippocampi volumes were cal-
culated as the product of the total brain and total hippocampal voxel

count and the nominal MRI voxel volume.

213 | Quantitative reverse transcription PCR

At P12 and P45 (n = 10 per treatment group per sex), mice were

deeply anaesthetized via intraperitoneal administration of

pentobarbital (Pentacour), and the right and left hippocampi were rap-
idly dissected and stored at —80°C until analysis. Total mRNA was
isolated from the hippocampus using the miRNeasy mini kit (Qiagen
Inc.) according to the manufacturer's recommendations. Total RNA
concentration and purity were measured by a Nanodrop (Thermo Sci-
entific) at 235, 260, and 280 nm. cDNA was prepared from 1ug RNA
in a 20-pl reaction using QuantiTect Reverse Transcription Kit
(Qiagen). Each PCR (20 pl), contained 2-pl cDNA (12 ng), 10-pl Quanti
Fast SYBR Green PCR Master Mix (Qiagen), and 2-ul PCR primer
(QuantiTech Primer Assay, Qiagen), were run on a LightCycler
480 (Roche, Sweden). The following primers were used Nignil
QuantiTech Primer Assay (QT00167580), Nrxn3 QuantiTech Primer
Assay (QT00166621), and Pvrll (nectin-1) QuantiTech Primer Assay
(QT00171703) all from Qiagen. Melting curve analysis was performed
to ensure that only one PCR product was obtained. For quantification
and for estimation amplification efficiency, a standard curve was gen-
erated using increasing concentrations of cDNA. The amplified tran-
scripts were quantified with the relative standard curve and
normalized by the cDNA concentration using the Quant-IT OliGreen
ssDNA Assay kit (Fisher Scientific).

2.14 | Statistical analysis

All data were analysed using SPSS (IBM Corp. Released 2013, Version
24.0. Armonk, NY, USA, RRID:SCR_002865). Graphs were created
using Prism 8 (GraphPad Software Inc., USA, RRID:SCR_002798).
Prior to statistical tests, normal distribution of data was checked by
making a Q-Q plot of the data. The variance homogeneity of data
was also examined by Levene's test. If the distribution of data was not
normal, a logarithmic transformation was employed before statistical
testing. For the three-chamber test, repeated measures analysis of
variance (ANOVA) was used to compare time spent in the chamber
containing the stimulus mouse and time spent in the chamber con-
taining the empty pencil cup. Continuous morphological, molecular
data and sociability index were compared using two-way ANOVA
followed by Tukey's post hoc test (equal variances) and Games-Howel
(not equal variances) with adjusted p values. DKI data analysis was
performed in MATLAB (Mathworks Inc, USA,) as described previously
(Hansen et al., 2017). The data was fitted to the DKI signal equation
using non-linear optimization (MATLAB, The MathWorks, USA). From
the DKI fit, the average HC MD and MK were calculated for each
sample. At this point, blinding was lifted, and the groups were tested
for statistical differences in HC MD and MK. P < 0.05 was considered
as significantly different distributions using Matlab's Two-sample Kol-
mogorov-Smirnov goodness-of-fit hypothesis test. This tests if inde-
pendent random samples, X1 and X2, are drawn from the same
underlying continuous population. The mean values from six neurons
and 10 microglia of each animal in the morphological studies were
treated as a single measurement in the data analysis. Statistical analy-
sis was undertaken only for studies where each group size was at least
n = 5. No data with less than n = 5 were included, and there were no

data points excluded in the study. In all statistical analysis, the group
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size was used as the number of independent values (i.e., technical rep-
licates were not used as independent values). The sample size was cal-
culated based on the previous published studies which applied the
same methods of quantifications (Ardalan et al., 2017; Treccani
et al., 2019). In multigroup studies with parametric variables, post hoc
tests were run only if F achieved P < 0.05. In all cases, the significance
level was assumed at P < 0.05. The results are presented as mean
+ standard deviation. Partial n? for the effect size of LPS treatment
and sex on the quantified variables was calculated by considering

observed power using alpha = 0.05 based on the following formula:

12 = SSbetween/ssi a1

where SS = sum of squares

2.15 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro
etal, 2021).

3 | RESULTS
3.1 | PIAinduces brain overgrowth and impairs
fibre integrity in male adolescent mice

A feature in children with autism is increased brain volumes (Sparks
et al, 2002). As such, we performed volume measurements of the
whole brain (excluding olfactory bulb and cerebellum) (Figure 1a,b) and
entire hippocampi (Figure 1d,e) from MRI images at P45. The MRI anal-
ysis of brain volume revealed significant main effect of sex with signifi-
cant LPS x sex interaction, (F(119) = 23.420, P < 0.05; F4,19) = 8.474,
P = 0.05, respectively). Games-Howell post hoc analysis revealed that
LPS significantly increased the volume of brain in male mice (P = 0.05)
without significant effect in female mice (P > 0.05, Figure 1c). More-
over, the MRI analysis showed significant main effect of sex and inter-
action with LPS treatment on the volume of hippocampi in males
(F1,19) = 4.855, P < 0.05; F(1.19) = 7.769, P < 0.05). Tukey post hoc anal-
ysis revealed a significantly larger size of hippocampi in male LPS group
compared with male saline mice (P s 0.05) without significant effect in
female LPS mice (P > 0.05, Figure 1f). Partial nz for the effect of sex
and treatment on the whole brain volume were 0.59 and 0.09 which
indicated large and moderate effects of sex and LPS treatment, while
partial n2 for the effect of sex and treatment on the hippocampi volume
were 0.23 and 0.19, indicating large effects of both sex and LPS treat-
ment on the hippocampi volume.

The volume measurement of hippocampal subregions on Nissl
stained sections (Figure 1g) showed significant main effects of sex and

LPS treatment on the volume of the CA1 SR subregion of hippocampus,

respectively (F1,29) = 26.335, P < 0.05; F(129) = 19.035, P < 0.05) with-
out significant effect on the volume of GCL area (Figure 1h). Tukey post
hoc analysis indicated that the volume of the CA1 SR area was signifi-
cantly larger in male LPS mice versus male saline group (P < 0.05) with-
out significant changes in female LPS group (P > 0.05, Figure 1i). Partial
n? for the effect of sex and LPS treatment were 0.50 and 0.42 which
indicated large effect of sex and LPS treatment on the volume of CA1
SR area. Based on these findings, all further morphological analyses
were performed in the CA1 SR region of the hippocampus.

DKI, an emerging increasingly used technique that provides com-
plementary information to traditional diffusion techniques on the com-
plexity of the microstructure (Hansen, 2020), revealed a shift towards
higher MD values in dorsal and ventral hippocampus in adolescent
males after LPS as seen in the MD probability distributions
(Figure 2a,b). In contrast, MD values were lower in female LPS mice
compared with saline female animals (Figure 2a,c). There were no
significant changes in MK in either males or females after LPS (P > 0.05,
Figure 2d,e) although a tendency to lower MK values was seen in all
LPS animals.

3.2 | PIA alters microglia response at P12 and P45
To determine the microglia response following PIA connected with
autism, we determined the density of microglia cells and performed a
detailed analysis of 3D branching pattern in reconstructed
Ibal + cells in the CA1 SR subregion of the hippocampus in saline
(Figure 3d) and LPS (Figure 3h) treated mice.

At P12, there was a significant effect of LPS x sex on the length
and number of microglia processes (F120=8.368, P=< 0.05;
F1,20) = 6.048, P < 0.05, respectively), with the main effects of sex
(Fi1,20) = 5.841, P < 0.05; F(1,20) = 9.736, P < 0.05) and LPS treatment
(Fi,20) = 51.815, P < 0.05; F(120) = 42.105, P < 0.05). At baseline, the
microglia processes were significantly shorter and with fewer number
of processes in female saline compared with the male saline groups
(P = 0.05, Figure S1A,B). Microglia processes were significantly shorter
and fewer in male LPS compared with male saline mice (P < 0.05) and
in female LPS compared with saline female group (P =< 0.05,
Figure S1A,B). Moreover, Sholl analysis showed that the number of
process intersections at 10-40 pm away from the cell soma were sig-
nificantly lower in male LPS mice than male saline group (P < 0.05),
while in female mice, the complexity of microglia processes was only
affected by LPS, 20 pm away from cell soma (P < 0.05, Figure S1C).

At P45, there were significant main effects of sex (F(1.20) = 5.969,
P < 0.05) and LPS treatment (F(; 20y = 63.534, P < 0.05) with the partial
nz of 0.23 and 0.76 on the length of microglia processes, and a signifi-
cant effect of LPS treatment on number of microglia branches
(Fia,200=45518, P =< 0.05), with the n2 of 0.69, was observed
(Figure 3a,b). At baseline, the length and number of microglia processes
were not different between male and female saline groups (P > 0.05,
Figure 3a,b). Sholl analysis showed that the complexity of microglia pro-
cesses (intersections at 5-45 pm away from the cell soma) in male LPS

mice was significantly lower compared with the male saline group
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Effects of postnatal immune activation (PIA) on brain, hippocampi, and hippocampal subregion volumes at P45. Examples of

measured volumes of the whole brain (excluding olfactory bulb and cerebellum) in male saline (Sal) (a), male LPS (b), and of hippocampi (d), in male
saline (e, left) and male LPS (g, right), on MRI images at P45. There were significant differences in the volume of whole brain and hippocampi
between male saline and male LPS groups (c, f) (N = 5 per group). Examples of delineated granular cell layer (GCL) (yellow) and CA1 striatum
radiatum (CA1 SR) (red) (g) on Nissl-stained sections at P45. Volume measurement of GCL (h) and CA1 SR (i) subregions (N = 8 per group).

Ex vivo images were generated using ITK-snap and ParaView-5.8.0-RC1-Windows-Python3.7 software (Ayachit, Utkarsh, The ParaView Guide: A
Parallel Visualization Application, Kitware, 2015, ISBN 978-1930934306). Two-way ANOVA with Games-Howell and Tukey post hoc tests were

used for the statistical analysis. *P < 0.05

(P = 0.05), while in LPS compared with saline female mice, the complex-
ity of microglia processes was affected at 10-30 pm away from cell
soma (P = 0.05, Figure 3c). Representative figures of Ibal™ stained sec-
tions in male saline (Figure 3f) and male LPS (Figure 3g). There were sig-
nificant main effects of LPS x sex (F120)= 6.240, P < 0.05), sex
(Fuo0 = 12.589, P< 0.05) and LPS treatment (F 20 = 14.057,
P < 0.05) with the partial '12 of 0.38 and 0.41 on the density of microglia
in the CA1 SR subregion of the hippocampus. Games-Howell post hoc
analysis indicated significantly higher density of microglia in male LPS
group compared with saline treated mice (P < 0.05) without significant

changes in the female mice (P > 0.05) (Figure 3h).
3.3 | Sex-specific difference in autistic behavioural
phenotypes following PIA

Repetitive behaviour and impairment in sociability are core symptoms
of autism. The marble burying test showed a significant main effect of

LPS (F1,39) = 41.25, P < 0.05) and post hoc analysis revealed that male
and female offspring displayed increased repetitive behaviour after
LPS exposure (P = 0.05, Figure 4a). No significant difference between
male and female saline groups was observed (P > 0.05). Partial nz for
the effect treatment was 0.53, which indicated a large effect of LPS
treatment on the number of buried marbles as a measure of repetitive
behaviour.

In the three-chamber social interaction test, comparison between
time spent in the chamber containing the stimulus (novel) mouse and
time spent in the chamber containing the empty pencil cup showed
that male saline mice spent significantly more time in the stimulus
mouse chamber (P = 0.05), while male LPS group showed significant
less time spent in the novel mouse chamber (P < 0.05, Figure 4b). In
females, there was no preference to any of the two chambers
(P > 0.05, Figure 4b). The results showed a significant main effect of
LPS on sociability index (SI) with significant LPS x sex interaction,
respectively (F(139 = 11.55, P < 0.05; F(139)= 7.33, P < 0.05), and
post hoc analysis revealed that LPS reduced Sl only in male offspring
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Effects of postnatal immune activation (PIA) on MRI kurtosis of hippocampi at P45. Mean diffusivity (MD) and mean kurtosis

(MK) measurements were acquired from MRI images at P45 in male and female mice following PIA. Example showing MD images in groups at the
hippocampal level (a). Histograms showing that the distribution of MD in dorsal and ventral hippocampus in PIA males (brown) was increased
compared with saline males (blue) (b), while MD was decreased in PIA females (brown) compared with saline females (blue) (c). There were no
changes in mean kurtosis (MK) in dorsal or ventral hippocampus in males (d) and females (e) in saline (blue) and LPS (brown) treated animals

(N = 5 per group). MD reflects overall water mobility (averaged over all directions) and is given in units of pm?-ms™?. In the histogram, * indicates
significantly different distributions at the P < 0.05 level using Matlab's two-sample Kolmogorov-Smirnov goodness-of-fit hypothesis test. This
tests if independent random samples, X1 and X2, are drawn from the same underlying continuous population

(P = 0.05, Figure 4c). No effect of sex or LPS exposure on the time
spent in the middle chamber was observed (Figure 4d). However, we
found a significant difference in time spent exploring (sniffing time)
the stimulus mouse cup compared with the empty cup in all groups
(P < 0.05), except male LPS (P > 0.05, Figure 4e).

Regarding locomotor activity, we did not find differences in the
number of times crossing the chambers between the groups (P > 0.05)
(Figure 4f).

Self-grooming was increased in LPS injected mice compared with
the saline animals without sex-dependent effects (P =< 0.05)

(Figure 4g).

3.4 | PIA does not affect branching patterns of
neuronal apical or basal dendrites

At P12, we found no effect of sex and LPS treatment on the length
(F1,28y = 0.514, P > 0.05; F(1 25 = 0.275, P > 0.05) and number of the
apical dendrites branches (F(12g8) = 0.127, P > 0.05; F(128) = 0.254,
P > 0.05). Neither did Sholl analysis reveal any effects on the
branching patterns of apical dendrites (P > 0.05). Similarly, no signifi-
cant differences in the length, number, and complexity of basal den-
drites were observed between LPS and saline injected mice (P > 0.05,
Figure S2).
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Effects of postnatal immune activation (PIA) on microglia morphology and number at P45. Microglia were identified by Iba-1

immunohistochemistry in the hippocampus at P45. Microglia morphology analysis showed shorter process lengths and smaller number of
processes in the CA1 SR subregion of the hippocampus in male and female PIA animals compared with saline (Sal) groups at P45 (a, b). Branching
pattern analysis of microglia demonstrated that the number of branching intersections at various distances away from the cell soma was
significantly lower in the LPS group versus the saline group at P45 (c), independent of sex. Examples of 3-D reconstructed microglia in the CA1
SR subregion of hippocampus in male saline mouse (d) and male LPS mouse (e); representative images of Ibal hippocampal stained sections in
male saline (f) and male LPS (g). Significant effect of PIA on microgliosis in CA1 SR subregion of hippocampus in male LPS mice (h) (N = 6 per
group). Scale bar is 800 pm. Two-way ANOVA with a Tukey post hoc test was used for the statistical analysis. *P < 0.05

At P45, we found no effect of sex and LPS treatment on the
length and number of branches on apical dendrites or basal dendrites.
Moreover, Sholl analysis revealed that the branching patterns of apical
dendrite (P > 0.05) or basal dendrites (P > 0.05) were not different
between the groups (Figure S3).

3.5 | PIAincreases convex hull volume of neuronal
apical dendrites in males

To determine the size of the dendritic field, we measured the convex
hull volume of apical and basal dendrites. There was a significant
sex x LPS interaction effect on convex hull volume of apical dendrites
(F1.20) = 15.468, P < 0.05) with the significant main effects of sex and
LPS (F(1.20) = 14.689, P < 0.05; Fi1 20 = 4.506, P < 0.05) and partial 1°
of 0.42 and 0.18, respectively. Tukey post hoc analysis demonstrated
a significant increase of LPS treatment on convex hull volume of api-
cal dendrites in male mice (P < 0.05) with no LPS treatment effect in
females (P > 0.05) (Figure S4A). Example of 3D reconstructed apical
dendrite convex hull from the CA1 subregion of the hippocampus is
shown in male saline and male LPS mice (Figure S4B, C). At the level
of basal dendrites, no significant difference in the convex hull volume
of dendrites was observed between LPS and saline injected mice at
P45 (P > 0.05, data not shown).

3.6 | PIA alters neuronal spine density in a sex-
dependent manner

Neuronal spine density was determined on Golgi-stained sections on
apical (Figure 5a) and basal (Figure 5b) dendrites. At P12, we found
significant main effect of LPS treatment (F(1 25y = 20.242, P < 0.05) on
the spine density on apical dendrites, with the partial n2 of 0.41.
Tukey post hoc analysis indicated a significant effect of LPS in male
mice (P = 0.05) with no significant LPS treatment effect in females
(P > 0.05, Figure 5c).

There was a significant main effect of LPS treatment
(F1,28) = 4.518, P < 0.05) on the spine density on basal dendrites with
the partial 712 of 0.13. Tukey post hoc analysis indicated a significant
increase of the spine density on basal dendrites in female mice
(P = 0.05) with no significant LPS treatment effect in males (P > 0.05,
Figure 5d).

At P45, we found significant main effect of LPS injection
(F1,20) = 4.653, P < 0.05, P < 0.05) with the partial nz of 0.18 on the
spine density of apical dendrites, which indicated significant differ-
ence in the spine density between male saline and male LPS injected
mice (P < 0.05), while there was no difference in spine density
between female saline and female LPS groups (P > 0.05, Figure 5e).
There were no effects of sex and LPS treatment on spine density on
basal dendrites (Figure 5f).
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FIGURE 4 Effects of postnatal immune activation (PIA) on autistic-like behaviours at P45. Stereotypic and repetitive behaviour was

investigated by the marble burying test (a) and sociability by the three-chamber test (b, c) at P45. The marble burying test showed a significantly
higher number of buried marbles in male and female LPS mice compared with saline (Sal) groups (a). There were significant main effects of LPS
treatment on sociability (b) and social index (c) in male mice only. There was no difference in the time spent in the middle chamber between
groups (d). Time spent exploring the cup with stimulus mice was significantly increased compared with the time spent exploring the empty pencil
cup in male saline, female saline and female LPS groups, but not in the male LPS group (e). There was no difference in the number of chamber
crossings (f) or time spent grooming (g) between any of the groups (N = 10 per group). Two-way ANOVA with a Tukey post hoc test was used
for the statistical analysis of marble test, sociability index (Sl), middle chamber time, number of crossing, and grooming time; repeated measure
ANOVA was used for the statistical analysis of chamber and sniffing times. *P < 0.05

There was a significant negative correlation between the time
spent in stimulus mouse chamber and the spine density on apical den-
drites (r = —0.6, P < 0.05) (Figure S5A).

3.7 | PIA remodels neuronal spine morphology in a
sex-dependent manner

Spine morphology is a crucial determinant of structural stability and
function, so we next investigated effects of PIA on spine morphology.
At P12, we found significant main effect of LPS treatment on apical
dendrite spine area, spine length, spine diameter and spine neck length
(F1,28) = 18.896, P < 0.05; F12g) = 18.760, P < 0.05; F(4 25 = 20.127,
P < 0.05; F128) = 19.752, P < 0.05) with partial n? of 0.40, 0.41, 0.41,
and 0.43, respectively. Games-Howell post hoc analysis showed a sig-
nificant increase after LPS on the spine area (Figure 6a), spine length
(Figure 6b), spine diameter (Figure 6c), and spine neck length
(Figure 6d) in male mice (P = 0.05), without effect in female mice
(P> 0.05). At P45, there was a significant main effect of sex and
sex x LPS treatment interaction on the spine area (F(120) = 6.935,
P < 0.05; F(120) = 11.987, P < 0.05) with the partial nz of 0.25, spine

length (F(1,20) = 5.274, P < 0.05; F(120) = 18.166, P < 0.05) with the
partial le of 0.20, spine diameter (F120=5.283, P=< 0.05;
Fi20) = 15.764, P < 0.05) with the partial n? of 0.20 and sex x LPS
treatment interaction effect on the spine neck length (F1 20) = 14.847,
P < 0.05). Tukey post hoc analysis demonstrated a significant effect of
LPS treatment on spine area (Figure ée), spine length (Figure 6f), spine
diameter (Figure 6g), and spine neck length (Figure 6h) in male mice
(P = 0.05) without effects in female mice (P > 0.05).

On basal dendrites at P12, our results indicated significant main
effect of LPS treatment on the spine area, spine length, spine diame-
ter, spine neck length, and spine neck diameter (F;.g) = 10.339,
P< 0.05; Fi128 =9.702, P< 0.05; F42¢ = 10.122, P=< 0.05;
Fi28 = 6.891, P < 0.05; F(y.28 = 6.444, P < 0.05) with partial n? of
0.27,0.25, 0.26, 0.19, and 0.19, respectively. Tukey post hoc analysis
indicated a significant effect of perinatal LPS treatment on the spine
area, spine length, spine diameter, and spine neck length in the female
mice (P = 0.05) without effect in male mice (P > 0.05) (Figure Sé).
Moreover, on basal dendrites at P45, our results indicated no effect
of sex and LPS treatment on the spine area, spine length, spine diame-
ter, and spine neck length of basal dendrites 40 days after LPS injec-
tion (Figure S7).
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FIGURE 5 Postnatal immune activation (PIA)
alters neuronal spine density of pyramidal neurons
in the CA1 area of hippocampus in a time- and
sex-dependent manner. Analysis of spines on 3D
reconstructed apical (a) and basal (b) dendrites
was investigated on Golgi-Cox impregnated
pyramidal neurons in the CA1 subregion of
hippocampus in mice at P12 (c, d) (N = 8/group)
and P45 (N = 6 per group) (e, f). The spine density
on apical dendrites was significantly increased

1 week (c) and 40 days (e) after LPS injection in
male mice compared to saline (Sal) injected mice.
The spine density on basal dendrites was
significantly increased 1 week (d) after LPS
injection in female mice without significant

* changes at P45 (f).Two-way ANOVA with a Tukey
post hoc test was used for the statistical analysis.
*P <0.05
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We found a significant negative correlation between time spent
in the stimulus chamber and the spine neck length on apical dendrites
(r=—-0.477, P < 0.05) (Figure S7D); the neck length of both thin and
mushroom spines (r= —0.465, Ps< .05, r=-0.528, P=< 0.05)
(Figure S5E,F).

3.8 | PIA alters density of different types of
neuronal spines in a sex-dependent manner

To examine the effect of PIA on density of functionally different clas-
ses of spines, we analysed mushroom (mature), stubby (immature),
and long-thin (immature) spines separately (Figure 7a). On apical den-
drites at P12, two-way ANOVA showed no significant effect of sex
and LPS treatment on the density of stubby spines (F(12g) = 1.148,
P > 0.05; F(1 2g) = 1.437, P > 0.05, Figure 7b), while there were signifi-
cant effects of LPS on the density of mushroom spines
(Fi1.28) = 12.788, P < 0.05), with the partial nz of 0.31, and on the

i -
Sal. LPS
Female

density of long-thin spines (F1 2g) = 25.119, P < 0.05), with the partial
T12 of 0.47. The density of long-thin spines was increased in LPS males
and females compared with respective saline group (P =< 0.05,
Figure 7c), while density of mushroom spines was significantly
increased only in male mice after LPS (P = 0.05, Figure 7d). There
were no effects of LPS on the density of different types of spines on
basal dendrites (data not shown).

On apical dendrites at P45, two-way ANOVA showed no signifi-
cant effect of sex and LPS treatment on densities of stubby and mush-
room spines (F20) = 1.857, P >0.05; F120 = 0.163, P> 0.05;
Fi1,200= 3.570, P > 0.05; F(120)= 0.832, P >0.05), but a significant
effect of sex with sex x LPS treatment interaction on the density of
long-thin spines (F(120) = 4.397, P < 0.05; F(120) = 8.621, P < 0.05,
Figure 7e-g) with the partial n° of 0.18. The density of long-thin
spines was increased in males after LPS injection (P < 0.05, Figure 7f).
There was a negative correlation between time spent in stimulus
chamber and density of thin and mushroom spines (r = —0.580,
P <0.05; r = —0.520, P < 0.05) (Figure S5B,C).
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FIGURE 6 Postnatal immune activation (PIA) remodels spine morphology of pyramidal neurons in the CA1 area of hippocampus in a time-
and sex-dependent manner. Morphology of spines, including spine area (a, e), spine length (b, f), spine diameter (c, g), and spine neck length (d, h),
was investigated on 3-D reconstructed apical dendrites on Golgi-Cox impregnated pyramidal neurons in the CA1 subregion of hippocampus in
mice at P12 (a-d) (N = 8 per group) and P45 (N = 6 per group) (e-h). Spine area, length, diameter, and neck length were enlarged in PIA males at
P12 and P45. Two-way ANOVA with Games-Howell and Tukey post hoc tests were used for the statistical analysis. *P < 0.05
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FIGURE 7 Postnatal immune activation (PIA) alters density of different types of spines of pyramidal neurons in the CA1 area of hippocampus
in a time- and sex-dependent manner. Density of spine types, including long-thin (green arrow), mushroom (orange arrow) and stubby (blue
arrow) (a), was investigated on 3-D reconstructed apical dendrites on Golgi-Cox impregnated pyramidal neurons in the CA1 subregion of
hippocampus in mice at P12 (b-d) (N = 8/group) and P45 (N = 6 per group) (e-g). The density of stubby spines was not different between groups
at P12 (b) or P45 (e). Density of long-thin spines was increased in both PIA male and female mice at P12 (c), but only in PIA males at P45 (f). The
density of mushroom spines was increased in PIA males only at P12 (d). Two-way ANOVA with Tukey post hoc test was used for the statistical

analysis. *P < 0.05
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FIGURE 8 Postnatal immune activation (PIA) remodels morphology of different types of spines of pyramidal neurons in the CA1 area of
hippocampus in a time- and sex-dependent manner. Morphology of long-thin (a, c, e, g) and mushroom (b, d, f, h) spines, including spine area (a, b,
e, f) and spine neck length (c, d, g, h) was investigated on 3-D reconstructed apical dendrites on Golgi-Cox impregnated pyramidal neurons in the
CA1 subregion of hippocampus in mice at P12 (N = 8/group) (a-d) and P45 (N = 6 per group) (e-h). The spine area and neck length of long-thin
spines was increased at P12 (a, ¢) and P45 (e, g) in male PIA mice. Spine area on mushroom spines was increased in both males and females at
P12 (b), while neck length of mushroom spines was only increased in PIA males at P12 (d) and P45 (h). Two-way ANOVA with Tukey post hoc

test was used for the statistical analysis. *P < .05

3.9 | PIAremodels morphology of different types
of neuronal spines in a sex-dependent manner

At P12, there was no effect of LPS treatment and sex on the area
(Fa,28) = 2.71, P > 0.05; F(1 26) = 2.688, P > 0.05) or the neck length of
stubby apical (F1,28y = 2.233, P> 0.05;
F1,28) = 0.895, P > 0.05, data not shown). For long-thin and mush-
room spines, a significant effect of LPS treatment on spine area was
observed (F(12g) = 20.099, P < 0.05; F(12¢) = 21.191, P < 0.05) with
partial n2 of 0.50 and 0.43. The long-thin spine area was significantly

spines on dendrites

larger in male LPS versus male saline (P < 0.05, Figure 8a) without a
difference in female mice (P > 0.05, Figure 8a). Mushroom spine area
was significantly larger in both male and female mice after LPS
(P = 0.05) (Figure 8b). Further, there was a significant effect of LPS
treatment and LPS x sex interaction on spine neck length of long-thin
spines (F(12¢) = 33.537, P < 0.05; F12¢) = 4.801, P < 0.05) with the
partial le of 0.54 and of mushroom spines (F(1 25 = 21.01, P < 0.05)
with the partial '12 of 0.42. Tukey post hoc analysis showed significant
difference in the long-thin spine neck length in male LPS versus male
saline (P =< 0.05, Figure 8c). The Games-Howell post hoc test showed
significantly larger mushroom neck length in male LPS compared with
the male saline group (P =< 0.05, Figure 8d), without changes in female
mice after LPS injection (P > 0.05).

On apical dendrites at P45, there was no effect of LPS treatment
and sex on the spine area and neck length of stubby spines (P > 0.05,
data not shown). The spine area was not affected on mushroom
spines by LPS or sex (Fu20 =0.829, P>0.05; F20 =4.232
P > 0.05, Figure 8f), while there was a significant effect of sex on
spine area of long-thin spines (F(120) = 7.374, P < 0.05) with the par-
tial n? of 0.26, as well as sex x LPS treatment interaction
(F1,20) = 13.339, P < 0.05). Spine area on long-thin spines was signifi-
cantly larger in male LPS versus male saline mice (P < 0.05, Figure 8e)
without difference in female mice after LPS injection (P > 0.05). There
was a significant LPS x sex interaction on spine neck length of long-
thin spines (F(1,20) = 13.571, P < 0.05). On mushroom spines, there
was a significant effect of sex on spine neck length (F(120) = 5.275,
P = 0.05) with the partial n2 of 0.20 and sex x LPS treatment interac-
tion (F(1.20) = 19.328, P < 0.05). Tukey post hoc analysis showed sig-
nificant difference in the long-thin spine neck length in male LPS
versus male saline (P < 0.05, Figure 8g). Also, mushroom spines had a
significantly larger spine neck length in male LPS compared with male
saline mice (P = 0.05, Figure 8h), without changes in the female mice
after LPS injection (P > 0.05).

On basal dendrites, there was a significant increase in the
length and area of thin spine in female mice 7 days after LPS injection

without changes in the morphology of other types of spines (Figure S8).
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Effects of postnatal immune activation (PIA) on Reelin+ cells at P12 and P45. At P12 and P45, number (a, b) and cell soma volume

(e, g) of Reelin+- cells were analysed by unbiased stereological methods (f). PIA males had fewer Reelin+ cells compared with saline treated males
at P12 (a) and P45 (b). Examples of hippocampal sections stained with Reelin antibody in male saline (c) and male LPS (d) groups at P45. Scale

bar = 1000 pm. Reelin+ cells volume was transiently increased at P12 in PIA males (e), while decreased at P45 (g). Volume measurements were
determined by applying spatial rotator estimator independent of the orientation under a 100x objective lens (f). Scale bar = 35 pm (d). (N = 8 per
group). Two-way ANOVA with Tukey post hoc test was used for the statistical analysis. *P < 0.05

3.10 | PIA alters morphology and number of
Reelin+ cells in the CA1 area of the hippocampus in a
sex-dependent manner

Reelin plays a vital role in synaptic plasticity during development and
has been studied as a potential biomarker for autism (Folsom &
Fatemi, 2013), and as such, we examined morphological and numerical
alteration of Reelin+ cells following PIA (Figure 9c,d,f). At P12, our
results showed a significant LPS x sex interaction (F(1 27 = 5.305,
P < 0.05) with the significant main effect of LPS (F1 .7 = 6.501,
P < 0.05) on the number of Reelin+ cells with the partial n2 of 0.19.
Tukey post hoc analysis demonstrated a selective decrease in the
number of Reelin+ cells in male LPS group compared with male saline
mice (P = 0.05, Figure 9a), without significant numerical change in
female mice (P > 0.05). At the baseline level, there was a significantly
higher number of Reelin+ cells in male saline group versus female
saline group (P =< 0.05, Figure 9a).

Two-way ANOVA analysis showed significant LPS x sex interac-
tion (F(1.29) = 4.215, P < 0.05) on the volume of Reelin+ cells with the
main effect of treatment (Fiy.29) = 4.932, P < 0.05). Partial n? for the
effect of treatment was 0.15 which indicated a large effect of LPS treat-

ment on the volume of Reelin+ cells. Tukey post hoc analysis revealed

that at the baseline, there was no difference in the volume of the
Reelin+ cells in the CA1 area between male and female saline mice
(P > 0.05); however, the volume of Reelin+ cells in male LPS was signif-
icantly larger than male saline mice (P < 0.05), while no difference was
observed in female mice after perinatal LPS injection (Figure 9e).

At P45, we found a significant LPS x sex interaction
(Fu27)=7.042, P < 0.05) with the significant main effect of LPS
(Fi,27) = 5.104, P < 0.05) on the number of Reelin+ cells with the par-
tial '12 of 0.20. Tukey post hoc analysis identified a selective decrease
in male LPS group compared with the male saline mice (P < 0.05) with-
out significant numerical change in the female mice (P> 0.05)
(Figure 9b). Two-way ANOVA analysis showed significant main effect
of LPS on the volume of Reelin+ cells at P45 (F 31y = 20.360,
P < 0.05) with the partial n? of 0.42 which indicated a large effect of
LPS treatment on the volume of Reelin+ cells. The volume of Reelin+
cells in male LPS group was significantly smaller than in the male
saline group (P = 0.05, Figure 9g), with no significant change in LPS
injected females compared with female saline group (P > 0.05,
Figure 9g). We found a significant positive correlation between time
spent in stimulus mouse chamber and the volume of Reelin+ cells
(r =0.607, P = 0.05), without significant correlation with changes in
the number of Reelin+ cells (r = 0.325, P > 0.05).
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FIGURE 10 Effects of postnatal immune activation (PIA) on synaptic cell adhesion mRNA expression at P12 and P45. Levels of mRNA

expression for neuroligin-1 (NLGN1), neurexin-3 (NRXN-3), and Nectin-1 were determined by RT-PCR in the hippocampus at P12 (a-c) and P45
(d-f). NLGN1, NRXN-3, and Nectin-1 mRNA expression were significantly increased in female PIA at P12 (a-c), while the mRNA expression for all
three genes was decreased in male PIA at P45 (d-f). (N = 10 per group). Two-way ANOVA with Games-Howell and Tukey post hoc tests were

used for the statistical analysis. *P < 0.05

3.11 | PIA reduces hippocampal mRNA expression
of trans-synaptic and cellular adhesion molecules in a
sex-dependent manner

Reelin-signalling regulates presynaptic and postsynaptic structure/
function by impinging trans-synaptic adhesion proteins. Therefore, we
studied presynaptic NRXN3, postsynaptic NLGN1 and nectin-1. At
P12, two-way ANOVA analysis demonstrated a significant LPS x sex
hippocampal mRNA NLGN1
(Fi1,36) = 8.214, P =< 0.05) with a significant main effect of LPS treat-
ment (F(1 36 = 14.096, P < 0.05) and the partial '12 of 0.28. Tukey post
hoc analysis showed that the mRNA expression of NLGN1 was signifi-

interaction on expression  of

cantly higher in female LPS compared with female saline mice
(P = 0.05, Figure 10a), with no significant difference in male mice
(P > 0.05). Two-way ANOVA of expression of mRNA level of NRXN3
demonstrated significant LPS x sex interaction (F(1 3¢ = 12.123,
P < 0.05), with the significant main effect of LPS treatment
(Fia36) = 11.649, P < 0.05) and with the partial 112 of 0.24. Tukey post
hoc analysis showed that mRNA level of NRXN3 was significantly
higher in female LPS compared with female saline mice (P < 0.05,
Figure 10b), with no significant difference in male mice (P > 0.05).
Two-way ANOVA of hippocampal mRNA level of nectin-1 showed
significant LPS x sex interaction (F(136) = 6.574, P < 0.05) with the

significant main effect of LPS treatment (F(4 36) = 9.946, P < 0.05) and
with the partial n2 of 0.21. Games-Howell post hoc analysis demon-
strated that the mRNA expression of nectin-1 was significantly higher
in female LPS compared with female saline mice (P = 0.05,
Figure 10c), with no significant difference in male mice (P > 0.05).

At P45, significant LPS x sex interaction
(Fi1,36) = 7.027, P < 0.05) with the significant main effect of LPS treat-
ment (F(136) = 11.850, P < 0.05) and with the partial n2 of 0.24 on the

mRNA expression of NLGN1. Games-Howell post hoc analysis

there was a

showed that the mRNA expression of NLGN1 was significantly lower
in male LPS compared with the male saline mice (P =< 0.05,
Figure 10d), with no significant difference in female mice (P > 0.05).
Analysis of NRXN3 mRNA expression showed significant main effect
of LPS treatment (F1 3¢ = 13.094, P < 0.05) with the partial n2 of
0.26. Tukey post hoc analysis demonstrated that NRXN3 mRNA
expression was decreased in LPS males (P < 0.05, Figure 10e), but not
in females (P > 0.05). Two-way ANOVA analysis of nectin-1 mRNA
expression showed a significant LPS x sex interaction (F1 3¢) = 5.171,
P < 0.05) with the significant main effect of LPS treatment
(Fi1,36) = 14.198, P < 0.05) and the partial n2 of 0.28. Games-Howell
post hoc analysis showed decreased mRNA expression of nectin-1 in
LPS male mice (P = 0.05, Figure 10f) with no significant treatment
effect in females (P > 0.05).
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4 | DISCUSSION

We show that PIA at a critical brain developmental stage in mice equiv-
alent to preterm human infants reduces sociability and increases repeti-
tive behaviours in P45 adolescent male animals. As shown by diffusion
kurtosis MRI, a reflective marker of tissue heterogeneity, behavioural
changes were associated with sex-dependent brain overgrowth and
abnormal microstructure in the hippocampus together with morphologi-
cal changes of hippocampal microglia consistent with activation, imma-
turity of neuronal spine development, and reduced number and size of
Reelin+ cells. Expression of trans-synaptic and cell adhesion genes was
reduced in males in the long-term after PIA. Thus, the results highlight
distinct sex-dependent effects of PIA on Reelin+ cells, excitatory syn-
apses and alterations in brain growth relevant for ASD.

Inflammation through TLR activation significantly contributes to
ASD. In support, here we show that a single injection of LPS induced
neuropathology associated with ASD-like phenotypic behaviour,
suggesting that triggering immune responses early in life plays an impor-
tant role in the aetiology of ASD. Similarly, a recent clinical study showed
that inflammation in preterm children without severe neonatal brain
lesions was associated with inferior social ability (Cogley et al., 2020;
Giraud et al., 2020). Preterm infants have an increased susceptibility to
infections, which may be related to their immature immune system
(Currie et al., 2011; Howson et al., 2013; Wynn et al., 2009).

We found larger brain volume in LPS injected males. Clinical find-
ings have identified brain overgrowth as an early predictor for ASD
diagnosis (Hazlett et al., 2017; Shen et al., 2013). Further, persistent
enlargement of hippocampus has been reported (Schumann
et al., 2004), and structural abnormalities in the CA1 area of the hip-
pocampus were highlighted in children with ASD (Li et al., 2019). In
line with these findings, we show that the volume of the hippocampus
is enlarged in males after LPS, and we locate the changes specifically
to the CA1 SR region which may be due to increased neuropil, number
of cells, arborization, or misplaced cells (heterotopia) (Raymond
et al, 1996; Weidenheim et al., 2001). Diffusion tensor imaging
showed that mean diffusivity probability distributions of both grey
and white matter shift towards a higher value in adolescent autistic
individuals (Groen et al., 2011). Similarly, we demonstrated by quanti-
tative DKI analysis a significant change to higher values of mean diffu-
sivity distributions in the hippocampus of adolescent male mice
following neonatal LPS without significant changes in mean kurtosis.
Alterations in mean diffusivity without changes in mean kurtosis have
previously been interpreted to indicate increased extracellular space
due to dendritic spanning volumes, rather than loss of neuronal cell
bodies, synapses, or dendrites. Thus, diffusion tensor image changes
observed in male LPS animals in the current study may be related to
the total volume occupied by neurons as we found larger convex hulls
of apical dendrites in male LPS group.

During brain development, transition from immature synapses on
long thin spines to larger synapses on mushroom-shaped spines occur.
We found densities of both immature thin and mature mushroom
spines increased on apical dendrites in paediatric male LPS mice, but

only the increase in thin spines remained until adolescent age.
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Similarly, age-dependent transient increase in perforated hippocampal
synapses, mainly comprised of mushroom spines, has been observed
in Shank3 mutant mice (Uppal et al., 2015). Synapse maturation is
dependent on spine pruning by microglia (Mallya et al., 2019). How-
ever, our results suggest that increased thin spine density, specifically
in male LPS injected mice, was unlikely to be due to microglia pruning,
at least alone, since we observed activated microglia in both male and
female LPS mice. A previous study reported greater spine density in
the cortex in ASD due to lesser synapse pruning by impaired
autophagy (Tang et al., 2014; Werling et al., 2016) suggesting that
other mechanisms than microglia pruning may be involved.

Spine geometry reflects spine function and correlates with release
probability of vesicles in the synapses (Nimchinsky et al., 2002) and long-
term potentiation (LTP) (Gipson & Olive, 2017). LTP induction promotes
spine head enlargement, and stabilization of new spines (Chidambaram
et al,, 2019). Thus, our finding of an increased density and size of thin
spines in adolescent PIA male mice suggest lack of synapse maturation
with enhanced LTP. The correlation between spine neck length and syn-
aptic efficacy is inverse, therefore longer spine neck results in negligible
somatic voltage contributions, while shortening of spine neck leads to
increases in synaptic efficacy (Araya et al., 2014). The current data sup-
port this finding, as only male LPS mice exhibited longer spine necks on
apical dendrites without differences in female mice.

To determine the possible underlying cellular mechanisms of the
changes in synapse development, we investigated Reelin+ cells, which
are essential for forming layer-specific hippocampal connections dur-
ing development and have been implicated in ASD (Lammert &
Howell, 2016). We found that male LPS mice had fewer Reelin+ cells
in the hippocampus at P12 and P45 and smaller soma at P45 than
saline-injected animals. These findings are in line with a study that
showed lower reelin expression in the brain from subjects with ASD
(Fatemi, 2001, 2002). The reason for the reduced number of Reelin+
cells in males is unclear but could be due to sex-dependent microglia
phagocytosis of neuronal cells as there is evidence from a model of
androgen-induced microglia phagocytosis that microglia engulf prolif-
erating cells in a sex-dependent manner (VanRyzin et al., 2019). In
support, we have previously shown that neonatal LPS inhibits neuro-
genesis and neuronal maturation (Smith et al, 2014), although
whether this is sex-dependent remains to be investigated. Reelin also
modulates GABA-B receptor signalling (Hamad et al., 2021), which is
expressed by microglia (Kuhn et al., 2004) and links microglia to neu-
ronal activity in the hippocampus during the postnatal period
(Logiacco et al., 2021). Thus, it is possible that fewer and smaller
Reelin+ cells in the current study have affected the communication
between microglia and neurons, which could be important for the
behavioural changes we observed.

There were age dependent effects on Reelin+ cell soma volume,
with increased volume at P12 in male LPS mice. Hypothetically, at
P12 (the developmental period) the increase in the size may reflect
increased activity in response to the novel environmental stimulus
(LPS) as during early postnatal development, Reelin activity contrib-
utes to the PI3K-Akt-mTOR pathway underlying dendrite outgrowth
and spine development (Lee & D'Arcangelo, 2016). Therefore, bigger
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size of Reelin+ cells may be representative of higher activity, but fur-
ther studies are needed to explore this in more detail.

Reelin mediates interactions between two of the most prominent
trans-synaptic genes (NLGN and NRXN) (Niu et al., 2004). Therefore,
we examined the gene expression of NLGN1, NRXN-3, and nectin-1,
which have been implicated in the differentiation and maturation of
both excitatory and inhibitory synapses (Bottos et al., 2009; Krueger
et al., 2012) and important for ASD (Sudhof, 2008). While there was a
transient early increase in females, LPS-treated males demonstrated a
long-term decrease in expression of all three genes. These findings
agree with previous studies that found decreased expression of
NRXN3 mRNA in male fragile X knockout (FMR1-KO) mice while
expression was increased in females (Lai et al., 2016). NLGNs have a
critical role in the balance of inhibitory and excitatory transmission,
and mice with NLGN1 deletion exhibited repetitive stereotyped
grooming behaviours (Blundell et al., 2010). Nectin-1 is expressed on
CR cells during development (Gil-Sanz et al., 2013; Lim et al., 2008;
Rikitake et al., 2012), and reelin has been shown to promote the
assembly of Nectin-1 adhesion sites (Gil-Sanz et al., 2013). Collec-
tively, our results highlight trans-synaptic adhesion proteins as one of
the molecular targets of sex-dependent effects by PIA that may unde-
rly the defect in spine maturation observed.

Our results demonstrate that immune activation by LPS early in
neonatal life has a sex-dependent effect on ASD-like behaviour in
mice. In support, studies have shown that prenatal LPS exposure dur-
ing the last two-thirds of gestation result in impairment in social inter-
actions and exploration in male mice (Basta-Kaim et al., 2015;
Carlezon et al., 2019; Taylor et al., 2012). Alteration of immune path-
ways, including IL-17 and NFK-B, in the hippocampus following peri-
natal immune activation has been suggested to underlie autistic-like
behaviours (Choi et al, 2016). Similarly, expression of pro-
inflammatory cytokines was found in the brains and serum of patients
with autism (Chez et al., 2007; Ratnayake et al., 2013). In the current
study, while we did not examine specific inflammatory pathways, we
did find increased number of the resident immune cells in the brain
and microglia in male mice 40 days after LPS injection, suggesting a
stronger immune response. This is in line with our previous study
showing increased microglia proliferation after neonatal LPS exposure
(Smith et al., 2014). Taken together, studies demonstrate that inflam-
mation both before and after birth is an important etiological factor
for inferior social ability by considering dysregulation of immune-
related genes and changes in the activation of neuroimmune cells.

The current study provides novel sex-dependent insights into
synapse remodelling in the hippocampus in an animal model of post-
natal inflammation with autism phenotype. We propose that the sex-
dependent deficiency in Reelin+ cells and abnormal regulation of
NLGN-1, NRXN3, and nectin-1 contribute to an impaired maturation
of neuronal spines resulting in an excitatory/inhibitory imbalance at
the synapse, thereby increasing the risk for autistic-like behaviour in
males. These findings give important new cellular and molecular infor-
mation on possible underlying mechanisms of the interaction of infec-
tion in preterm male infants and brain development that may underly

autistic-like behaviour.
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