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Zusammenfassung

Schizophrenie ist eine schwere psychische Erkrankung, bei der die Patienten ein
breites Spektrum an Symptomen sowie verschiedene Hirnanomalien aufweisen.
Sowohl genetische als auch umweltbedingte Faktoren werden mit der Atiologie der
Schizophrenie in  Verbindung gebracht. Nach der neurobiologischen
Entwicklungshypothese konnten mehrere stérende Ereignisse wahrend der
Gehirnentwicklung fur das Auftreten der Krankheit verantwortlich sein. Die
Vermutung, dass Entzindungsprozesse wahrend der Schwangerschaft zum Risiko
der Entwicklung von Schizophrenie beitragen, hat zur Entwicklung von
Nagetiermodellen geflihrt, bei denen die so genannte maternale Immunaktivierung
eingesetzt wird. Das Nager LPS-Modell 16st durch die Injektion von bakteriellen
Lipopolysacchariden mutterliche Immunreaktionen aus, die bei den Nachkommen zu
einer Reihe von neuropathologischen, verhaltensbezogenen und pharmakologischen

Anomalien flhren, die denen von schizophrenen Patienten ahneln.

Mehrere Studien haben Uber eine veranderte funktionelle Konnektivitat bei
schizophrenen Patienten berichtet, die mittels funktioneller
Magnetresonanztomographie (fMRI) im Ruhezustand gemessen wurde. Es fehlen
jedoch Untersuchungen der funktionellen Konnektivitdt in Tiermodellen der
Schizophrenie. Das Ziel dieser Studie war es daher, die funktionelle Konnektivitat im
Ruhezustand im Ratten LPS-Modell fir Schizophrenie im Langzeitverlauf von der
juvenilen Phase (PD~30) uber die Pubertat (PD~45) und die spate Adoleszenz

(PD~66) bis zum Erwachsenenalter (PD~94) zu untersuchen.

Eine Unabhangigkeitsanalyse (Independent Component Analysis, ICA) ergab sieben
Ruhezustandsnetzwerke, darunter das so genannte Default-Mode-Netzwerk,
somatosensorische und motorische Netzwerke, ein striatales Netzwerk sowie ein
Kleinhirn Netzwerk. Es konnten Auswirkungen des Alters auf die Konnektivitat im
Kleinhirn Netzwerk und in den somatosensorischen Netzwerken beobachtet werden,
die nicht mit der Behandlung zusammenhangen, aber es konnten keine
Auswirkungen der LPS-Behandlung auf die Konnektivitat der identifizierten

Ruhezustandsnetzwerke gezeigt werden.

Da die Ergebnisse aus erganzenden Verhaltensexperimenten zur Beurteilung
schizophrenieahnlicher Symptome bei den Tieren jedoch auf methodische Probleme



bei der Umsetzung des LPS-Modells hindeuten, sollten weitere Untersuchungen zur
Erforschung der funktionellen Konnektivitdt von Ratten mit einer verfeinerten
Umsetzung des LPS-Modells durchgefuhrt werden, um die Ergebnisse dieser Studie

ZuU erganzen.



Abstract

Schizophrenia is a serious mental disease in which patients are showing a wide array
of symptoms as well as several brain abnormalities. Both genetic and environmental
factors have been implicated in the etiology of schizophrenia. According to the
neurodevelopmental hypothesis, several disrupting events during brain development
may be responsible for the onset of the disease. The implication of inflammatory
processes during pregnancy contributing to the risk of developing schizophrenia has
lead to the development of rodent animal models using the so called maternal
immune activation. The rodent LPS model induces maternal immune responses by
the injection of bacterial lipopolysaccharides, resulting in offspring showing a variety
of neuropathological, behavioral and pharmacological abnormalities, similar to
schizophrenic patients.

Several studies have reported an altered functional connectivity of schizophrenic
patients, as measured by resting-state functional magnetic resonance imaging
(fMRI). However, investigations of functional connectivity in animal models of
schizophrenia are lacking. Therefore, the aim of this study was to investigate resting-
state functional connectivity in the rat LPS model of schizophrenia on a longitudinal
scale from the juvenile stage (PD~30), over puberty (PD~45) and late adolescence
(PD~66) until adulthood (PD~94).

Independent component analysis (ICA) revealed seven resting-state networks
including the so called default mode network, somatosensory and motor networks, a
a striatal network as well as a cerebellar network. Effects of age on connectivity in the
cerebellar network and somatosensory networks unrelated to the treatment could be
observed, but no effects of LPS treatment on connectivity of the identified resting-

state networks could be shown.

However, as the results from complementary behavioral experiments for the
assessment of schizophrenia-like symptoms in the animals hint towards
methodological problems in the implementation of the LPS model, further
investigations exploring the functional connectivity of rats with a more refined
implementation of the LPS model should be carried out in order to complement the

results of this study.
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1. Introduction

1.1. Schizophrenia

Schizophrenia is a serious mental disease, often resulting in a lifelong disability of the
affected individuals (for review see Lewis and Levitt, 2002; Schultz et al., 2007;
Keshavan et al., 2008; Tandon et al., 2008a, 2008b; Hyman and Cohen, 2013). On
average, around 1% of all people worldwide are diagnosed with schizophrenia, with a
male:female ratio of 1.4:1 (McGrath et al., 2008). The first onset of symptoms mainly
occurs after puberty and early adolescence, around an age of 20 years (Koch, 2006;
Schultz et al., 2007). However, the onset is usually slightly later in women, and there
is also a higher incidence of late-onset schizophrenia (after an age of 40 years) in
females, presumably due to protective effects of estrogen (Hafner, 1998; Hafner et
al., 1998).

The symptoms of schizophrenia are usually divided into at least three categories,
namely positive, negative and cognitive (disorganized) symptoms (Tamminga and
Holcomb, 2005). Positive symptoms are those phenomena that usually do not occur
in healthy people, for example hallucinations and delusions. Accordingly, negative
symptoms are those that result from an impairment of normal functions, and include
blunted emotional responses, social withdrawal, poverty of thought and speech, as
well as a lack of motivation symptoms (Tamminga and Holcomb, 2005). In the
prodromal phase and preceding psychotic relapses, increased anxiety can be
observed as well (Temmingh and Stein, 2015; Hall, 2017). Finally, cognitive
dysfunctions include impairments in attention, working memory and executive
functions (Tamminga and Holcomb, 2005; Hyman and Cohen, 2013). Actually,
schizophrenia is a very heterogeneous disease, maybe even representing several
different diseases with similar clinical manifestations (Tandon et al., 2008a). Since
schizophrenia shares its symptoms with other psychiatric diseases like depression or
bipolar disorder, it is typically diagnosed by confirming the presence of a number of
symptoms and simultaneously ruling out other diseases (Silverstein et al., 2006;
Schultz et al., 2007). In fact, the diagnosis of a relatively high portion of patients is
changed to schizophrenia after the initial diagnosis of another disease (~30%), but
the other way round happens as well (Chen et al., 1996; Schultz et al., 2007). The
heterogeneity of schizophrenia is also reflected by the individual course of the
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disease. Typically, a prodromal period of on average 5 years, consisting mainly of
negative symptoms, precedes the first psychotic episode (Hafner, 1998; Bauml et al.,
2012). Those psychotic episodes are characterized by the positive symptoms, in
which (mainly auditory) hallucinations and delusions may transfer the patient into a
distorted reality (Hyman and Cohen, 2013). Following the first psychotic episode,
periods of psychosis can alternate with periods of remission or residual symptoms,
but some cases show chronic psychosis as well (Bauml et al., 2012; Hyman and
Cohen, 2013). Finally, full recovery to normal functioning is only seen in around 20%

of patients, provided that a proper treatment took place (Silverstein et al., 2006).
1.1.1. Etiology and Neuropathology

Schizophrenic patients show several brain abnormalities, including differences in
gray matter volumes (Shenton et al., 2001; Harrison et al., 2003; Olabi et al., 2011;
Bakhshi and Chance, 2015), alterations in white matter (Hoistad et al., 2009; Olabi et
al., 2011; Skudlarski et al., 2013; Caprihan et al., 2015) or the enlargement of
ventricles (Wright et al., 2000; Shenton et al., 2001; Olabi et al., 2011). The
neuropathology and etiological factors underlying schizophrenia are still not clearly
elucidated. However, there are several studies indicating the involvement of genetic

as well as environmental factors.

Twin studies revealed that in monozygotic twins, if one sibling was diagnosed with
the disease, the risk of the second sibling having schizophrenia is about 40-50%.
This risk is lower for dizygotic twins, but still amounts to 10-15% (Gottesman et al.,
1987; Sullivan et al., 2003; Tandon et al., 2008a). Together with studies of adopted
children, showing that the risk of schizophrenia was related to the presence of the
disease in biological parents but not in the adoptive parents (Heston, 1966; Kety et
al., 1968; Tandon et al., 2008a), these results suggested a strong genetic
contribution to the risk of having schizophrenia. There are several genes with a
strong etio-pathogenetic relevance for schizophrenia research, including NRG1
(neuroregulin 1), DTNBP1 (dysbindin), DRD1-4 (dopamine receptors D1-D4), DISC1
(disrupted in schizophrenia 1), COMT (catechol-O-methyl-transferase) and GRM3
(metabotropic glutamate receptor) (Duan et al., 2007; Lewandowski, 2007; Li and He,
2007; Munafo et al., 2007; Nicodemus et al., 2007; Tan et al., 2007; Chubb et al.,
2008; Tandon et al., 2008a; Hanninen et al., 2008; Schwab et al., 2008; Talkowski et
al., 2008). However, the discovery of a specific single genetic marker has yet to be
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confirmed. A common view sees schizophrenia as a heterogeneous, polygenic and
multi-factorial disease with multiple common genetic polymorphisms, from which
each of these contributes to a small extent to disease susceptibility (Risch, 1990;
Chakravarti, 1999; Lichtermann et al., 2000; Tandon et al., 2008a). Another
perspective considers schizophrenia as a highly heterogeneous genetic entity,
caused by multiple, highly penetrant and individually very rare mutations, that may be
specific to single cases or individual families (McClellan et al., 2007; Tandon et al.,
2008a). In addition, further opinions suggest a strong contribution of heritable
epigenetic factors (e.g. DNA methylation) instead of variations in the DNA sequence
itself (DeLisi et al., 2002; Costa et al., 2006; Crow, 2007; Tandon et al., 2008a).

Despite the strong genetic contribution, several environmental factors have been
implicated in the etiology of schizophrenia as well. Those include both biological and
psychosocial risk factors during the pre- and postnatal periods, childhood,
adolescence and early adulthood (Maki et al.,, 2005). For example, maternal
infections (e.g. influenza) during the first and second trimesters of pregnancy have
been linked to an increased risk of developing schizophrenia (Mednick et al., 1988;
Brown et al., 2001a, 2005; Meyer et al., 2007; Penner and Brown, 2007; Tandon et
al., 2008a), probably mediated through the effects of cytokines and an aberrant
immune response, which interfere with normal fetal brain development during this
period (Ashdown et al., 2006). These observations have led to the development of
animal models based on this so called maternal immune activation (MIA) (Patterson,
2009; see chapter 1.1.3). Furthermore, maternal malnutrition (Susser et al., 1996; St
Clair et al., 2005; Penner and Brown, 2007) or the experience of severe adverse life
events (Khashan et al., 2008) during the first trimester of pregnancy, as well as
several obstetric complications (Geddes and Lawrie, 1995; Cannon et al.,, 2002;
Byrne et al., 2007) have additionally been reported to increase the risk for
schizophrenia. And finally, among various other environmental factors, the season of
birth (Torrey et al., 1997; McGrath and Welham, 1999; Davies et al., 2003), urbanicity
and migration (McGrath et al., 2008) or substance abuse (e.g. cannabis use) during
adolescence (Bowers et al., 2001; Semple et al., 2005; Moore et al., 2007) have all
been implicated in acting as risk factors for the development of schizophrenia, once

again demonstrating the large heterogeneity of this disease.



Several neurotransmitter systems have been implicated in the pathogenesis of
schizophrenia. Among these, the dopamine system has probably received most
attention, leading to the strong influential dopamine hypothesis of schizophrenia
(Silverstein et al., 2006; Keshavan et al., 2008; Howes and Kapur, 2009). The initial
hypothesis stated an excess of dopamine in the brain of schizophrenic patients (van
Rossum, 1966; Carlsson, 1977; Carlsson and Carlsson, 2006). However, most
evidence for this theory was of indirect nature, based on the positive effects of
dopamine blockade by antipsychotic medication (e.g. chlorpromazine or haloperidol),
and the psychotomimetic effect of dopamine agonists such as amphetamine or
cocaine (Silverstein et al., 2006; Guillin et al., 2007; Schultz et al., 2007; Keshavan et
al., 2008). Furthermore, its explanatory power covered only one aspect of the
disease, namely the positive symptoms (Keshavan et al., 2008). Therefore, and
following the suggestion of a relationship between cognitive impairment and
prefrontal dopamine D1 receptors (Weinberger, 1987), as well as the observation that
increased D1 receptor availability has been found to correlate with impaired working
memory in schizophrenia (Abi-Dargham et al., 2002), the dopamine hypothesis was
reformulated. This modified dopamine hypothesis postulates a hypoactive
mesocortical dopamine system responsible for the negative and cognitive symptoms,
and a hyperactive mesolimbic dopamine system responsible for the positive

symptoms (Weinberger, 1987; Davis et al., 1991; Keshavan et al., 2008).

Furthermore, the emergence of psychotic symptoms following the administration of
drugs like lysergic acid diethylamide (LSD) or mescaline, known to increase
serotonergic activity, suggested an involvement of serotonin in schizophrenia
(Silverstein et al., 2006). However, the positive therapeutic effects of serotonin
antagonists (e.g. clozapine and risperidone), which are actually increasing brain
serotonin, shifted the attention on the interaction between serotonin and dopamine
systems (Kapur and Remington, 1996). Even though direct evidence of serotonergic
dysfunction in the pathogenesis of schizophrenia is lacking, there is still a significant
interest in exploring the role of different serotonin receptors (e.g. 5-HT3; and 5-HTsg

receptors) in schizophrenia (Abi-Dargham, 2007; Keshavan et al., 2008).

Another hypothesis emerged following the observations of reduced glutamate in the
cerebrospinal fluid of patients with schizophrenia (Kim et al., 1980). However, studies

failed to replicate this finding (Perry, 1982), and the initial glutamate hypothesis of



schizophrenia was later reformulated, postulating an insufficient glutamate mediated
excitatory neurotransmission via N-methyl-D-aspartate (NMDA) receptors (Olney and
Farber, 1995; Moghaddam, 2003; Keshavan et al., 2008). The emergence of
psychotic symptoms following administration of NMDA antagonists like phencyclidine
(PCP) and ketamine are supporting this hypothesis (Javitt and Zukin, 1991;
Keshavan et al., 2008).

Moreover, there are also some findings implicating the role of an altered GABAergic
(Gamma amino butyric acid) activity, e.g. reduced levels of GABA expression in the
prefrontal cortex (measured by mRNA levels of glutamic acid decarboxylase, the
major determinant of GABA synthesis) revealed in post-mortem studies (Lewis et al.,
2005), or the up-regulation of GABA, receptors (Jarskog et al., 2007), affecting
especially the chandelier subtype of GABA neurons (Keshavan et al., 2008).

1.1.2. Neurodevelopmental Hypothesis of Schizophrenia

As mentioned before, a lot of environmental risk factors for schizophrenia may occur
during the pre- or postnatal periods of life. However, the onset of the characteristic
psychotic symptoms happens several years later in late adolescence or early
adulthood. This long delay between the occurrence of risk factors and the onset of
the diagnostic symptoms brought up the idea that schizophrenia may be a disorder of
neurodevelopment (Lewis and Levitt, 2002). First proposed by Jakob and Beckmann,
1986, as well as by Weinberger, 1987, this neurodevelopmental hypothesis of
schizophrenia, which suggests a multi-step process of etiopathogenesis, is now
widely accepted (Koch, 2006). According to the two-hit model, two or more ‘hits’ of
disrupting events during early and late brain development may add up, and finally
lead to the onset of the disease (Bayer et al., 1999; Koch, 2006; Giovanoli et al.,
2013; Feigenson et al., 2014). The first hit(s) could be represented by a genetic
susceptibility or by disrupting events like inflammatory processes during pregnancy or
obstetric complications, as mentioned before. These may lead to an altered brain
development (e.g. altered migration, differentiation and apoptosis of neurons),
making the brain susceptible for adverse events later in life (e.g. stress, drugs or
trauma during puberty) which finally cause the onset of the full clinical syndrome
(Jakob and Beckmann, 1994; Beckmann, 1999; Kalus et al., 1999; Church et al.,
2002; Lewis and Levitt, 2002; Caruncho et al., 2004; Arnold et al., 2005; Koch, 2006;
Feigenson et al., 2014). Ideally, any of those hits should not produce larger brain
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damage or behavioral impairment for itself, so that only the combination of multiple

hits induces the full behavioral symptomatology and neuropathology (Koch, 2006).
1.1.3. Rodent Inflammation Models

Because schizophrenia is such a heterogeneous disease, it is not possible to model
all aspects of the disease in one single animal model. Furthermore, the core
symptoms of psychiatric disorders (like disrupted thoughts or verbal learning and
memory) are uniquely human traits, and therefore difficult to assess in animals
(Powell and Miyakawa, 2006). The fact that there is no current ‘gold standard’
medication (treating all the symptoms) available, which can be used as a definitive
positive control in preclinical studies, further complicates the problem (Jones et al.,
2011). Therefore, several different animal models have been developed, trying to
address specific pathophysiological or etiological aspects of the disease (for review
see Koch, 2006; Jones et al., 2011).

Comprehensive findings showed that cytokines and the immune system can
influence and shape the development of the brain and behavior (Bauer et al., 2007;
Deverman and Patterson, 2009; Yirmiya and Goshen, 2011; Bilbo and Schwarz,
2012; Feigenson et al., 2014). Due to the relevance of inflammatory processes (e.g.
maternal infections during pregnancy) in the etiology of schizophrenia, this has lead
to the development of rodent models based on the so called maternal immune
activation (MIA) (Mednick et al., 1988; Brown et al., 2001a, 2005; Ashdown et al.,
2006; Meyer et al., 2007; Penner and Brown, 2007; Tandon et al., 2008a; Patterson,
2009; Feigenson et al.,, 2014). In these models, prenatal immune activation is
induced by injecting pregnant rats or mice with different pathogenic agents at
different gestational stages (Wischhof et al., 2015b). A critical mid-gestation window
between gestational days (GD) 15-19 is often chosen for the time of injection, which
approximates to the human second to third trimester (Bayer et al., 1993; Clancy et
al., 2001; Jones et al., 2011).

One pathogenic agent that is often used in MIA models is
polyribosinic:polyribocytidylic acid (Poly(l:C)), a synthetic double-stranded RNA that
mimics viral infections (Reisinger et al., 2015; Haddad et al., 2020b). Poly(l:C) is
binding to Toll-like receptor 3 (TLR3) and thereby inducing a pro-inflammatory signal

chain via nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and



Interferon Regulatory Factor (IRF) 3, finally leading to distribution of pro-inflammatory
cytokines like interleukin (IL) 6, IL-10 and TNF-a (tumor necrosis factor a) in addition
to type | interferons (IFN) IFN-a and IFN-B (Alexopoulou et al., 2001; Takeda and
Akira, 2005; Gandhi et al., 2007; Takeuchi and Akira, 2007; Deverman and
Patterson, 2009; Meyer et al., 2009b; Haddad et al., 2020b).

Besides the use of Poly(l:C), many studies are using lipopolysaccharides (LPS) as an
immune stimulus in rodent experiments (Borrell et al., 2002; Koch, 2006; Feigenson
et al., 2014; Wischhof et al., 2015b). LPS is found in the cell membrane of gram
negative bacteria (e.g. Escherichia coli), and mimics the immunological effects of
gram negative infections (Feigenson et al., 2014). It is well established that it
stimulates monocytes and macrophages via TLR4, and thereby, via the MyD88-
dependent (Myeloid differentiation primary response protein 88) and the Toll-IL-1
receptor domain-containing adapter-inducing interferon B (TRIF)-dependent
downstream pathways, produces a range of proinflammatory cytokines like IL-1, IL-6
or TNF-a , which can have a variety of neurobehavioral effects (Medzhitov et al.,
1997; Dantzer et al., 2008; Engel et al., 2011; Hayden and Ghosh, 2012; Feigenson
et al., 2014; Garcia Bueno et al., 2016; Bao et al., 2022). The notion that cytokines
may be the common mediator responsible for the various effects seen after several
viral, bacterial or other stressors during pregnancy, was first suggested by Gilmore
and Jarskog, 1997.

Comparing the effects of Poly(l:C) with those of LPS, there are both similarities and
differences depending on the behavior evaluated or the measurements made (Bao et
al., 2022). A more detailed overview of the different outcome of Poly(l:C) and LPS on
some specific behaviors is presented in section 1.3. Generally, studies using MIA in
rodents described a variety of neuropathological, behavioral and pharmacological
abnormalities that resemble at least partially the neuropathology and
symptomatology of schizophrenia (Fortier et al., 2004a; Fatemi et al., 2005; Meyer et
al., 2008a, 2008b; Fatemi and Folsom, 2009; Wischhof et al., 2015a), including
deficits in sensorimotor gating, social interaction and cognition (e.g. working
memory), abnormalities in the sensitivity to psychostimulant drugs, or alterations in
the dopamine system (Borrell et al., 2002; Shi et al., 2003; Zuckerman et al., 2003;
Fortier et al., 2004a, 2007; Golan et al., 2005; Romero et al., 2007; Boksa, 2010;
Meyer and Feldon, 2010; Williamson et al., 2011). Furthermore, following the two-hit



model of schizophrenia, studies have shown that postnatal exposure to psychogenic
stressors or cannabinoid receptor agonists in MIA offspring produces more dramatic
behavioral deficits than those seen due to maternal infection alone (Dalton et al.,
2012; Giovanoli et al., 2013; Feigenson et al., 2014). Interestingly, in contrast to viral
or bacterial activation of TLR3 or 4 receptors, the activation of other TLR receptors
(e.g. TLRY7) might induce different (even opposite) patterns of behavioral or neural
dysfunctions (Missig et al., 2019).

Considering the recent pandemic of the coronavirus disease 2019 (COVID-19), which
also did not spare pregnant women (Dashraath et al., 2020; Narang et al., 2020;
Wenling et al., 2020; Wastnedge et al., 2021; Zimmer et al., 2021), the topic of the
connection between inflammation and schizophrenia is actually more up to date than
ever. Considering that both TLR3 and TLR4 receptors are involved in the
pathogenesis of COVID-19 (Khanmohammadi and Rezaei, 2021), and considering
the hypothesis that the specific type of infection may play a secondary role in the
development of schizophrenia (Meyer et al., 2009b), one may postulate a rise in
schizophrenic patients in around 20 years, i.e. when the typical age-onset of

schizophrenia is seen.
1.1.3.1. Behavioral Tests

Although the main task of this study was to assess resting-state connectivity in LPS
model offspring on a longitudinal time scale, the study was complemented by
contemporary behavioral experiments for the assessment of schizophrenia-like
symptoms in the animals. In order to cover the whole range of positive, negative and
cognitive symptoms observed in human schizophrenia, a test battery consisting of
four tests was included, consisting of prepulse inhibition (reflecting positive symptoms
/ sensory motor gating deficits), elevated plus maze and open field tasks (reflecting
negative symptoms / increased anxiety) and the novel object recognition task
(reflecting cognitive symptoms / impairments in memory) (Young et al., 2009).

1.1.3.1.1. Elevated Plus Maze

The elevated plus maze (EPM) task is a test that can be utilized to measure
unconditioned anxiety in rodents (Walf and Frye, 2007). Animals are placed on an
plus shaped maze, elevated ~70 cm above the floor, consisting of two open arms

without any walls, and two closed arms enclosed by walls. Each equivalent pair of
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arms are positioned opposite to each other and are interconnected by a central open
platform (Handley and Mithani, 1984; Walf and Frye, 2007). The animals behavior
like time spent in the open and closed areas of the maze, or number of times the
animals peak with their head over the edge of the open part of the maze (head-
dipping) are measured and used to calculate different indices of anxiety (Walf and
Frye, 2007). Small ledges can be attached to the open arms, but may change the
interpretation of anxiety indices like the risk-assessment behavior of head-dipping
(Fernandes and File, 1996).

The novel stimulation by placing the animal in the new environment of the EPM
evokes a fear drive as well as an exploratory drive. Generally, the strength of the fear
drive decreases with time of exposure. However, the elevated open alleys arouse a
greater strength of fear than enclosed alleys (Montgomery, 1955). Thus, the EPM
task is based on this approach-avoidance conflict, related to the unconditioned
aversion to heights and open spaces, leading to a preference for the enclosed arms
of the maze (Montgomery, 1955; Barnett, 1975; Rodgers and Dalvi, 1997). Based on
the early experiments by Montgomery, Handley and Mithani hypothesized that
anxiolytic drugs should increase the exploration of the open arms, whereas
anxiogenic drugs should decrease it. By showing a clear preference for enclosed
arms under standard conditions while open arm entries increased after giving the
anxiolytic drug Diazepam, they redefined the EPM task into the test as it is known
today (Handley and Mithani, 1984), which was shortly after validated for rats (Pellow
et al.,, 1985) and mice (Lister, 1987). Within the last decade, the EPM was even
translated into a virtual-reality test for humans, showing cross-species validity of the

measured anxiety indices (Biedermann et al., 2017).

Early experiments have shown that re-testing the animals on consecutive days or
after seven to eight days seem to evoke similar responses as in the first test (Pellow
et al., 1985; Griebel et al., 1993; Schrader et al., 2018). Although the total number of
arm entries may increase, the anxiety indices seem to be unaffected by re-testing
(Lister, 1987). However, later experiments suggest that there might be a so called
“one-trial tolerance” leading to a shift of measured construct from anxiety to fear
when retesting with short (24h) intervals (Carobrez and Bertoglio, 2005; Schneider et
al., 2011). But longer re-test intervals and the change of the room where the maze is

placed seem to improve the re-test reliability (Schneider et al., 2011).



The illumination of the open areas of the maze is playing a role in the task, as high
illumination reduces the entries and time spent in the open arms (Griebel et al., 1993;
Schrader et al., 2018).

Younger animals seem to be less fearful than older animals (Imhof et al., 1993;
Rodgers and Dalvi, 1997). Also, there may be differences between rat and mice in
the EPM behavior (Rodgers and Dalvi, 1997), although a large meta review suggests
the inter-species differencies are minor compared to the overall variance present in
the test (Mohammad et al., 2016). Part of a general variability seen in the EPM test
may actually be related to the presence of a temporal pattern present in rat behavior
in the EPM over a 24 h cycle (Andrade et al., 2003).

The elevated zero maze (EZM) is an alternative measuring a comparable construct of
approach-avoidance conflict, but removing the ambiguity associated with time spent
on the central platform and increasing the number of locations with an approach-
avoidance conflict, the phenomenon the EPM is intended to measure, by using a
circular “maze” where open and closed compartments alternate (Shepherd et al.,
1994).

Although the EPM test was controversially discussed in the past (Ennaceur, 2014;
Ennaceur and Chazot, 2016), it is still one of the most widely used tests for
measuring anxiety in the laboratory setting (Castanheira et al., 2018).

1.1.3.1.2. Open Field

The open field (OF) test is another test that may be used to measure anxiety related
behaviours in rodents (Carola et al., 2002; Prut and Belzung, 2003). The OF test was
initially developed by Hall in 1934 who studied defecation and urination as measures
of individual differences in emotionality (Hall, 1934), and is nowadays one of the most
used tests for measuring locomotion and anxiety related behaviors in mice and rats
(Carola et al.,, 2002; Prut and Belzung, 2003; Seibenhener and Wooten, 2015).
Animals are placed in an open circular, square or rectangular arena, and the
movement as well as additional behaviors like rearings (i.e. the animals are standing
upright on two paws with the front paws in the air or leaned against a wall) are
measured over a time span of usually 5 to 20 minutes (Prut and Belzung, 2003;
Seibenhener and Wooten, 2015). Due to the tendency of rodents to stay near the

walls (i.e. thigmotaxis), the arena is usually divided into a central square and the
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outer surrounding area, and increased movement in the central square are
interpreted as indications of anxiolysis, while increased thigmotaxis is interpreted as
higher anxiety (Prut and Belzung, 2003; La-Vu et al., 2020).

A study by Carola et al. suggests that the data obtained by the EPM and the OF test
are more or less comparable (Carola et al., 2002), although others are suggesting
both tests are assessing different underlying psychobiological phenomenon’s and

thus are complementing each other (Ramos, 2008).
1.1.3.1.3. Novel Object Recognition

The novel object recognition (NOR) test was first introduced by (Ennaceur and
Delacour, 1988), and led to an advancement in recognition memory research. Most
previously used paradigms testing recognition memory involved the learning of a
response rule, and those tests might actually be assessing only a specific kind of
recognition memory, namely the recalling of a rule, and not the recognition of a
previously examined item. The novel object recognition test, on the other hand, is
based on the spontaneous exploratory behavior of rats towards unknown objects,
and therefore not relied on the learning of a rule (Ennaceur and Delacour, 1988;
Steckler et al., 1998).

Before subjecting the animals to the NOR test, one should include a habituation
session to the testing environment, as the approach or avoidance of a novel stimulus
depends on the familiarity of the environment (Sheldon, 1969). In the first phase
(sample phase) of the test, animals are placed in the test environment (usually an
open field, similar as described in section 1.1.3.1.2) with two identical copies of an
object A present for a short period of time (Bevins and Besheer, 2006). The exposure
time of this first phase should be kept in the range of one to two minutes, as longer
test periods seem to only add noise (Dix and Aggleton, 1999). Afterwards, the
animals are returned to their home cage for an inter-trial interval (ITI) that can range
from minutes, for assessing short term recognition memory, sometimes up to 24
hours or more, in order to assess long term recognition memory (Bevins and
Besheer, 2006; Dere et al., 2007), although male wistar rats seem not to be able to
discriminate between novel and familiar object anymore after a 24 h ITl (Akkerman et
al., 2012). In the second phase (test phase), the animals are again placed in the test

environment with another identical copy of the initial object A’ and a new unknown
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object B for 2-5 minutes (Bevins and Besheer, 2006). Afterwards, different
discrimination indices can be calculated, although the discrimination ration,
sometimes called recognition index (RI), might be more suited for comparing
recognition memory in different studies between labs as the main index of object
retention than the other indices (Bevins and Besheer, 2006; Akkerman et al., 2012;
Antunes and Biala, 2012).

The test was initially denoted a ‘pure working memory test’, however later this
statement was corrected by one of the original authors stating recognition memory
does not involve working memory at all (Ennaceur, 2010). The reasoning was that
working memory was previously wrongly equated with short-term memory. As
working memory is the process of actively holding the information for later use in
memory, but the animal does not know it will be retested after the initial exploration
phase of the test and notwithstanding this it is not possible to predict which
information of an object needs to be kept in memory in order to detect novelty,
working memory cannot be involved in the NOR test (Ennaceur, 2010). Instead,
object recognition memory is more related to episodic memory (Ennaceur, 2010).
Since a novel object can’t be recognized, as it is not stored in memory, some authors
recommended to use the term spontaneous object recognition (SOR) instead (Dix
and Aggleton, 1999; Winters et al., 2008; Lyon et al., 2012; Cohen and Stackman,
2015).

There are many contradictory findings in the literature using the NOR test, however,
these may be merely due to variations in the used task parameters (Cohen and
Stackman, 2015). Generally, there is a lack of standardization of used items,
resulting in nearly each lab using different sets of items. One common
methodological problem that may arise depending on the used items is called object
affordances, meaning the relations between the animals natural abilities and the
objects properties. For example, if in the test phase an item which can be climbed on
is compared to an item which can’t be climbed onto, this can influence the test and
the recognition indices due to the animals natural tendency of interaction with such
items (Chemero and Heyser, 2005; Ennaceur, 2010; Heyser and Chemero, 2012).
Generally, it is recommended using different objects made of the same material (e.g.,
glass, plastic, porcelain, ceramic, metal) but which are different in terms of height,

color, shape and surface texture (Dere et al., 2007). One problem arising when trying
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to compare different studies is the lack of given information in the materials and
methods section. For example one study reviewing 116 articles reports that with 44%
nearly half of the publications gave little or no information concerning the specific
objects which were used, and from the 56% which provided information, 28% used
sets of objects with non-equivalent affordances, making the results difficult to
interpret and making it virtually impossible to generalize across experiments
(Chemero and Heyser, 2005). Statistically, although many studies are using
differences in magnitude as evidence for stronger or weaker memory performance in
different groups of animals, these differences alone may not be sufficient to draw a
conclusion based solely on memory per se (Heyser and Chemero, 2012). One must
assume that the RI-magnitude is reflective of how well the animals encoded the
sample object, which is not supported e.g. by the study of Gaskin et al., 2010.
Instead, it may be more appropriate to evaluate the rodents memory based on
whether a groups average RI significantly differs from chance or not (Gaskin et al.,
2010; Cohen and Stackman, 2015).

When testing recognition memory in human schizophrenic patients, they showed
significantly lower recognition rates for previously presented objects, and significant
impairment in the ability to recognize fragmented objects (Heckers et al., 2000;
Doniger et al., 2002; Pelletier et al., 2005; Lyon et al., 2012).

1.1.3.1.4. Prepulse Inhibition

Prepulse inhibition (PPI) is related to the acoustic startle response (ASR), which is a
sensorimotor response to a sudden acoustic stimulus with an intensity of about 90 dB
sound pressure level (SPL) or higher that leads to a fast twitch of body muscles
(Davis and File, 1984; Pilz et al., 1987; for review see: Koch, 1999). It probably has a
protective function against attacks, and is mediated by a pathway located in the
ponto-medullary brainstem, consisting of the auditory nerve, the ventral cochlear
nucleus, the dorsal nucleus of the lateral lemniscus, the caudal pontine reticular
nucleus (PnC), spinal interneurons and spinal motor neurons (Davis et al., 1982;
Koch, 1999). The PnC neurons, especially the subpopulation of giant reticulospinal
PnC neurons, seem to play a key role in this pathway (Koch et al., 1992). The
magnitude and latency of the ASR depend on several different factors like stimulus
intensity or interstimulus interval, and could be modulated by many different drugs

(Koch, 1999). An important effect on the ASR is seen when the startling stimulus is
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immediately preceded by a non-startling stimulus (prepulse), which leads to a
decrease in the magnitude of the ASR. This phenomenon is called prepulse inhibition
and is used as an operational measure for sensorimotor gating mechanisms
(Hoffman and Ison, 1980). The extent of PPI strongly depends on the prepulse
intensity and prepulse-pulse interval, weakly depends on the prepulse duration and
modality, and is mostly independent of the properties of the startle-eliciting stimulus
(Stitt et al., 1976; Fendt et al., 2001). In rats, PPl works best with an interstimulus
interval of 100 ms between the prepulse and the startling pulse (Hoffman and Ison,
1980; Koch, 1999), is increased with increasing prepulse intensity, and is maximal at
prepulse durations of 10-20 ms (Reijmers and Peeters, 1994). Apparently, the ASR
and PPl are mediated by different brain pathways (Ison et al., 1997; Fendt et al.,
2001).

Because PPI is reduced in human schizophrenic patients (Swerdlow and Geyer,
1998; Braff et al., 1999), the reduction of PPI for example by dopamine infusion into
the nucleus accumbens of rats was used as an animal model for studying the
sensorimotor gating deficits of schizophrenia (Swerdlow et al., 1994). The reduction
of PPl was also shown in MIA rodent models of schizophrenia (e.g. Borrell et al.,
2002; Fortier et al., 2007; Wischhof et al., 2015b; see section 1.3.4 for a detailed
overview), underpinning their validity, as reduced PPI is often used as a benchmark
test for the validity of animal models for schizophrenia (Swerdlow and Geyer, 1998;
Van den Buuse et al., 2003; Zuckerman et al., 2003; Wolff and Bilkey, 2008; Wolff et
al., 2011; Fendt and Koch, 2013; Swerdlow and Light, 2015; Swerdlow et al., 2016).

1.2. Resting-State Connectivity

Before delving into the topic of resting-state connectivity, which is usually measured
via functional magnetic resonance imaging (fMRI), one may first need to explain the
basics of (f)MRI for a better understanding. Readers already familiar with the basics

of MRI and fMRI may skip the next sections and continue with section 1.2.2.
1.2.1. Functional Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI), including functional MRI (fMRI), is a
noninvasive method that can be used to generate images from biological tissues,

including the brain of humans and other mammals such as rodents. The basic
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principle behind MRI, or nuclear magnetic resonance (NMR) in general, is the
excitation of atomic nuclei in a strong magnetic field. During this process, energy is
first absorbed and later emitted by the atomic nuclei, which then can be measured.
The amount of emitted energy and therefore the signal depends on number and
types of nuclei in the excited tissue. Because different tissues show different
properties, depending on imaging parameters like the time point of signal reception,
one can then conclude which types of tissue make up the imaged sample (Huettel et
al., 2009). The following 3 sub-chapters (1.2.1.1 - 1.2.1.3) are, if not stated otherwise,
a compilation of the books “Functional Magnetic Resonance Imaging” by Huettel et
al., 2009, “Magnets, Spins, and Resonances: An introduction to the basics of
Magnetic Resonance” and “Magnets, Flows, and Artifacts: Basics, Techniques, and
Applications of Magnetic Resonance Tomography” by Hendrix, 2003, 2004, as well
as the introductory part of the doctoral thesis “Functional connectivity of the rat brain
in magnetic resonance imaging“ by Kalthoff, 2011. For a more comprehensive
description of the following, the reader is referred to any of these mentioned works.
Since the notation of variables is sometimes different between those sources, all

used formulas are adopted from Kalthoff, 2011.
1.2.1.1. Basics of NMR
1.2.1.1.1. Nuclear Spins

All material on earth is made up of atoms. These in turn are composed of electrons,
protons and neutrons, with the latter two making up the atomic nucleus. Each of the
atomic constituents possesses a spin of V2, a property from quantum mechanics. The
net nuclear spin of the atomic nucleus is the combined spin of all its protons and
neutrons. For the hydrogen atom 'H, which nucleus consists only of one single

proton, this net nuclear spin is simply V.

In the classical model (for a quantum mechanical perspective, the reader is referred

to chapter 5 of Brown et al., 2014), the proton is described as a rotating positive

charge (see figure 1) with angular momentum S. The rotation of the charge leads to a

circulating electric current, which in turn gives rise to the magnetic moment j via

i=vS (1)
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where y is a proportionality factor called the gyromagnetic ratio. Besides the
hydrogen atom with its single proton, other atomic nuclei could be studied with MRI
as well. However, they need both angular momentum as well as the magnetic
moment in order to be useful for MRI. For example, in nuclei with an even number of
protons and neutrons, the magnetic moment is cancelled out by distributing the same
amount of charges in opposite directions, what makes them invisible for MRI. Other
nuclei than 'H with NMR property are for example *C or 'F. However, since
hydrogen atoms make up by far the most of all atoms with NMR property in biological
tissues, the following description concentrates on the nuclei of hydrogen atoms,

further simply referred to as protons or spins.

Figure 1: Classical Model of a Spin in a Magnetic Field

The proton or spin is typically viewed as a positive rotating charge, which gives rise to the magnetic
moment . Located in an external magnetic field B,, the spin precesses with the Larmor frequency w,
around the axis of the magnetic field. y is a proportionality factor called the gyromagnetic ratio.
Recreated after Kalthoff, 2011.

1.2.1.1.2. Spins in an External Magnetic Field

When located in an external magnetic field B, a spin sort of aligns with the magnetic
field. However, since the conservation of angular momentum stands against
alignment of the magnetic moment to the magnetic field, the magnetic moment of the

proton follows an equation of motion:

i (2)
ar -V HXBo

This results in a precessing motion around the magnetic axis, which is often
compared with a gyroscope that is tipped out of its original rotation. This precession
occurs with a characteristic frequency, called the Larmor frequency w,, which
depends on the magnetic field strength as well as the gyromagnetic ratio of the

nucleus:
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For the hydrogen protons, this frequency is 42.58 MHz/T.
1.2.1.1.3. Magnetization of a Spin Ensemble

The signal of a single proton is not detectable using MRI. Instead, all protons in the
imaging volume are viewed as a pooled spin ensemble, or spin system. A typical
volume element (voxel) in an MRI experiment consists of ~10'® protons of a living
organism. In a space without a magnetic field (or only a very weak one), the spins of
a spin ensemble are oriented randomly and the magnetic moments of the individual
protons cancel out each other. Therefore, the voxel appears non magnetic to the
outside. However, when placed in an external magnetic field, each individual spin of
the spin ensemble can take one of two different orientations, either parallel or
antiparallel to the magnetic axis. Because the parallel orientation is the state of lower
energy, this orientation is slightly preferred. According to Boltzmann statistics, there
is an excess of about 10 protons in the parallel position per one million protons in the
antiparallel position at a magnetic field strength of 1.5 T and a body temperature of
37 °C, which resembles the typical clinical condition. Because of this slight excess,
the spin ensemble inside a voxel gives rise to a net magnetization vector M in

longitudinal direction of the magnetic field B,,.
1.2.1.1.4. Excitation of a Spin Ensemble and Signal Reception

The net magnetization of a spin ensemble follows the same equation of motion as
the magnetic moment of a single proton (equation 2). Therefore, in order to simplify
the description of excitation and signal reception, the spin ensemble is viewed from a
rotating reference frame. The coordinate system of this reference frame rotates with
w, around the axis of the magnetic field B,, which leads to the fact that the magnetic
moment of a proton stands still in this new reference frame. This can be compared
with watching a child on a rotating carousel. When standing in front of the carousel,
one can see the child rotating. However, when standing on the carousel (the
reference frame), one rotates with the same velocity as the child, and therefore the

child seems to stand still.

The excess of protons in the parallel orientation to the magnetic axis can be

transferred into the antiparallel orientation by delivering energy in form of
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radiofrequency (RF) pulses, which are transmitted by RF coils. The delivered
electromagnetic waves are adjusted to oscillate in resonance with the Larmor
frequency of the nuclei of interest, e.g. 42.58 MHz/T for the hydrogen protons, and
this process of delivering energy is called excitation. The more of the excess protons
in the parallel orientation switch to the antiparallel orientation, the more flips the net
magnetization vector M, from the longitudinal towards the transverse plane (see
figure 2 a). The degree of flipping is called the flip angle a, and depends on the
amplitude as well as duration of the RF pulse. As soon as the whole excess of
protons in the parallel orientation has switched to the antiparallel orientation,
meaning there are equal numbers of protons in each state, there is no net
magnetization along the longitudinal axis, because the net magnetization vector has
been fully transferred into the transverse plane. The RF pulse that is able to

accomplish this state is called the 90° pulse.
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Figure 2: MR Signal Generation

a) By delivering a radiofrequency (RF) pulse with flip angle a (e.g. 90°), the longitudinal net
magnetization vector M, (which is parallel to the axis of the magnetic field B,) is flipped towards the
transverse plane, generating the transverse net magnetization vector M;. The precession of M; in the
transverse plane can be recorded by a pickup coil, due to the induction of a voltage U;,;. b) The MR
signal recorded by the pickup coil oscillates with the Larmor frequency and decays exponentially with
the characteristic time constant T,", forming the so called free induction decay (FID, top). Delivering a
180° RF pulse after the 90° RF pulse induces an echo of the FID after the echo time (TE). Even
though the echo is still decaying with T,", its maximum amplitude is solely limited by the time constant
T, (bottom, spin echo). Recreated after Kalthoff, 2011.

The magnetization in the transverse plane arises due to phase coherence of the
spins. Before transmission of the RF pulse, the phases of all spins of the spin
ensemble are randomly distributed. However, the RF pulse disturbs and sort of
resets the phase of the spins. Therefore, afterwards all spins are precessing with the

same phase. This transverse component M, of the net magnetization vector is now
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precessing with w, in the transverse plane, and this precession can be recorded by a
pickup coil (which is often the same coil that is used for the delivery of RF pulses)
that is tuned to the same frequency w,. The changing magnetic flux of the precessing
net magnetization vector M, induces a corresponding voltage in the pickup coill,

which is the basis signal of NMR or MRI (see figure 2 a).
1.2.1.1.5. Relaxation Mechanisms of the MR Signal

After the delivery of the RF pulse and the following flipping of the net magnetization
vector from the longitudinal into the transverse plane, the measurable MR signal
starts to decay due to different relaxation mechanisms.

First, some spins of the spin ensemble emit the previously absorbed energy and
thereby switch back from the antiparallel to the parallel orientation, rebuilding the
excess of parallel spins. After some time, the original state with an excess of 10 spins
in the parallel orientation per one million spins in the antiparallel position (at a
magnetic field strength of 1.5 T and a body temperature of 37 °C) has recovered, and
therefore the net magnetization vector M, in the longitudinal direction of the magnetic
field is back at its original value as well. This is an exponential process that occurs
with a specific time constant T;, and is called longitudinal (T;) relaxation or

longitudinal (T,) recovery.

Second, the magnitude of the transverse magnetization M, decays exponentially with
a time constant T,", and shapes what is known as the free induction decay (FID) (see
figure 2 b, top). This second relaxation is called transverse (T,") relaxation or
transverse (T,") decay, and is the additive result of two different processes. On the
one hand, the magnetic moments of electrons translate and rotate together with their
atoms and molecules due to Brownian motion, what leads to a rapidly varying
magnetic environment of spins on a molecular scale. This slightly changes the
magnetic field at each position. Because the Larmor frequency depends on the
magnetic field (see equation 3), each spin experiences a Larmor frequency that is
slightly different from w,, and this leads to a dephasing of the spins over time. This
intrinsic part of the transverse relaxation is known as spin-spin relaxation, and could
be seen as the “real” T, decay. On the other hand, spatial and time-constant field
inhomogeneities of the external magnetic field B, add up to the T, decay, resulting in

the faster T," decay.
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Even though the FID is decaying with T," instead of T,, the T, decay can still be
measured using echoes of the FID (see figure 2 b, bottom). In order to produce an
echo, a 180° pulse can be played at time t after the excitation with a 90° pulse. This
180° pulse will reverse the phase of the spins, which will now traverse backwards.
After another time 7, they will be at the same phase as after the initial 90° pulse.
Since the spins are now precessing with the same phase again, they give rise to a
measurable spin echo of the FID. This echo is still decaying with T,*, however, its
maximum amplitude is solely limited by T,. An often used illustration is that of
sprinters running on a circuit. They are all starting on the same start (i.e. with the
same phase), but after some time t, each will have travelled a different distance
depending on the speed of the individual sprinters. However, when they are now
getting the command to turn round and run back, and each one keeps its original
speed, they will all be at the start again after the same time 7. Actually, most of the
different imaging protocols these days are using those echoes in order to measure
the MR signal. Besides producing a spin echo with a 180° pulse, a gradient echo can
be produced as well. This is done by switching two consecutive magnetic field
gradients (the frequency encoding gradient, see 1.2.1.2.1). Because the first gradient
is dephasing the spins, the second gradient is switched with inverted polarity. This

rephases the spins giving rise to a gradient echo.

The echo time (TE) is simply twice the time 7, at which the 180° refocusing pulse is
played, and is an important parameter that changes the contrast of MRI images.
Another important imaging parameter is the repetition time (TR). In order to visualize
images, for which more than one voxel has to be measured, or for the purpose of
averaging, an FID or spin echo experiment is usually repeated several times,
separated by the TR. Because the TR is the time between the consecutive excitation
of the same tissue, the length of it determines to what extend the longitudinal net
magnetization M, can regrow, and therefore to what extend M, is available for the

next excitation.
1.2.1.1.6. MR Signal Contrasts

Different tissues show different relaxation times, depending on the amount of
hydrogen atoms, as well as the molecular environment of the spins. Because of
these different relaxation times, different tissues will have different MR signal

amplitudes when measured at the same time. Depending on the tissue of interest,
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one can change the imaging parameters TR and TE in order to achieve different

contrasts.
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Figure 3: MR Signal Contrasts

a) Proton density (PD) contrast (TR long / TE short), b) T, contrast (TR long / TE long) and ¢) T;
contrast (TR short / TE short), showing the differences in the longitudinal (M,) and transversal (M) net
magnetization for 2 different tissues. Recreated after Hendrix, 2003.

d) Example images for the 3 different contrasts showing human brain slices (Jung and Weigel, 2013,
reproduced with permission from John Wiley and Sons).

The longitudinal net magnetization M, recovers with the tissue specific time constant
T;, and its maximum value corresponds to the tissues proton density (i.e. number of
protons per voxel). If a repeated 90° pulse is delivered after a sufficiently long TR, M,
has recovered to its maximum value, and the MR signal difference of two or more
tissues depends mainly on the proton densities. Therefore, by choosing a long TR
together with a short TE, one obtains a proton density-weighted image (PD contrast,

see figure 3 a).

By keeping a long TR and also selecting a long TE, one looses the proton density
contrast, since the MR signals are decreasing with the tissue specific time constant

T," | T,. Because the MR signal difference of two or more tissues are now mainly
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depending on T," / T,, one obtains a T,"- / T,-weighted image (T," / T, contrast, see
figure 3 b). The optimal TE is the mean value of the T," / T, constants of the imaged

tissues.

Finally, by selecting a short TR together with a short TE, the MR signal difference of
two or more tissues mainly depends on the previous longitudinal net magnetization
M. And as mentioned before, this depends on the tissue specific time constant T;.
This means, with a short TR together with a short TE one obtains a T;-weighted

image (T; contrast, see figure 3 c).
1.2.1.2. MRI

A complex image (e.g. of a brain) is made up of several voxels. Due to their spatially
differing proton densities and relaxation constants, the amount of transverse
magnetization M, and therefore also the magnitude of the MR signal, depends on
the location inside the measured sample. Omitting the transverse relaxation (for the
sake of simplicity), the precession with frequency w and phase ¢ in the transverse
plane can be written as:

Mr(x,y,z,t) = Mro(x,y,z) - e” 't - 71 (4)
However, the measured MR signal includes contributions from the whole measured

sample:

S = #jf My (x,y,2, dV (5)
Therefore, in order to form an image using MRI, one has to encode the spatial
location into the measured MR signal. This is achieved using 3 magnetic field
gradients G,, G, and G,, which change the magnetic field strength linearly along the
gradient axes (e.g. x-axis). Accordingly, the Larmor frequencies of the spins are
changing depending on their position:

w(x) =y (Bg+ Gyx) = wg +yGyx (6)
1.2.1.2.1. Spatial Encoding Gradients

First, a slice selection Gradient G, is switched on during RF excitation. Since the
Larmor frequency of the spins thus changes depending on the position, only those
spins are excited, whose Larmor frequencies are covered by the RF pulse.
Therefore, by adjusting the bandwidth of the RF pulse, one can select different slices
of the whole sample. Using a small bandwidth results in relatively thin slices, whereas
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with growing bandwidth the slice thickness increases (see figure 4). The selection of
a single slice reduces further encoding to two dimensions, since the dz Integral in

formula 5 is now set to well defined limits.
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Figure 4: Slice Selection

a) When using a homogeneous magnetic field By, all hydrogen spins are having the same Larmor
frequency w, (top). However, after adding a gradient G, which changes the field strength linearly along
the magnetic axis, the spins are precessing with different Larmor frequencies, depending on their
position (bottom). b) By using a radiofrequency (RF) excitation pulse with the bandwidth Aw,, a slice
with the thickness AZ, is selected, which includes only those spins whose Larmor frequency is
included in Aw,. Recreated after Hendrix, 2003; Cartoon rat image © DBCLS #t& TV (CC BY 4.0).

Second, a frequency encoding gradient G, (readout gradient) is switched on during
signal reception, which changes the Larmor frequency of the spins along the x-axis of
the selected slice. The slice is therefore divided into columns with different
frequencies (see figure 5 a, b). Following formulas 4 and 6, their magnitude of

transverse magnetization (viewed from the rotating reference frame) in x direction is:
My (x, Gy, t) = My (x) - e~ V¥t (7)

Third, in order to divide the columns of the slice into rows (and therefore into
individual voxels), the phase of the spins is manipulated using a phase encoding

gradient G, (see figure 5 a). Depending on the amplitude G, and duration T, the
phase accumulates to

¢ =vy GT, (8)
resulting in the magnitude of transverse magnetization in y direction:

M1(y,Gy,Ty) = Myo(y) - eV 6Ty (9)
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Figure 5: Frequency-, Phase Encoding and the Concept of K-Space

a) By using a frequency encoding gradient G,, the selected slice is divided into columns with different
frequencies. The phase encoding gradient G, further divides the columns into rows. b) The RF pulse
excites all spins that are included in its bandwidth. Due to the frequency encoding, each column of the
slice has a slightly different Larmor frequency. All of those frequencies together form the FID MR
signal (or echoes of it), which is recorded in k-space. The k-space data can be decoded into the
underlying magnitudes of magnetization by using the Fourier Transform of it. ¢) The k-space contains
information regarding the contribution of different components (stripe patterns) in the spatial-frequency
domain to the MRI image (top). The combination of those components is forming the more complex
image (bottom). Recreated after Hendrix, 2003; Cartoon rat image © DBCLS #:& TV (CC BY 4.0).
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1.2.1.2.2. The Concept of K-Space and MR-Sequences

The consideration of frequency and phase encoding can be simplified by using a

notation scheme known as k-space. By introducing the new variables
k,=-yG,t and k,=-yG,T, (10)

the MR signal can be written as a function of k, and k,, which is the Fourier

yo

transform of the underlying spatial distribution of transverse magnetization My,:

S(ky ky) # Myo(x,y) - e Hxx . e=ikyY . dxdy (11)
A

In analogy to a signal that changes over time (e.g. a piece of music), which can be
constructed from a series of simpler frequencies, any image can be constructed from
a series of simpler components in the so called spatial-frequency domain. The
mathematical tool for this reconstruction process is the Fourier transform, which can
be used to decode the k-space representation of the MR signal into the
magnetization and therefore signal amplitude at each spatial location (see

figure 5 Db, c).

The number and range of k, and k, determine the resolution and the field-of-view of

the image that can be reconstructed from the MR signal. Typically, one line of k-
space is filled after excitation using an RF pulse. In order to reconstruct an image
with a matrix size of for example 128x128 (i.e. 16384 voxels), the k-space has to be
filled sufficiently by repeated imaging of the same slice using 128 different phase
encoding gradients, since the decoding is comparable to solving a linear system of

equations.

The repeated sequence of RF pulses and gradient switches is usually displayed

using a sequence diagram as seen in figure 6 a.
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Figure 6: Typical MR and EPI Sequence Diagrams

a) Shown is a Typical MR sequence diagram. During RF excitation, a slice selection gradient is
switched, followed by a gradient with inverted polarity to undo the dephasing from the slice selection
gradient. During the second (inverted) slice selection gradient, a phase encoding gradient is switched
whose amplitude is varied in every repetition of the sequence. For spin echo sequences, a 180°
refocusing pulse is now played. A dephasing readout gradient is switched, followed by the actual
readout gradient. This sequence is repeated with varied phase encoding gradients, separated by the
repetition time TR, in order to fill the entire k-space with data. The k-space trajectory is illustrated in
the inset image. b) Shown is an echo planar imaging (EPI) pulse sequence diagram. Instead of
repeating the whole sequence with varying phase encoding gradients, the readout and phase
encoding gradients are switched repeatedly, giving rise to a train of echoes. Modifications and
additions for spin echo EPI sequences are shown in light grey color. The k-space trajectory is
illustrated in the inset image. Recreated after Kalthoff, 2011.

1.2.1.2.3. Echo Planar Imaging

Echo planar imaging (EPI) is a technique that enables one to cover a full set of
k-space lines following a single RF excitation pulse. Therefore it has also the name
single shot EPI. Instead of reading out one k-space line using one phase gradient per
RF pulse excitation, a whole echo train is read out. From echo to echo, the readout
gradient is repeatedly inverted, and in-between the echoes, different phase encoding
gradients (the so called blips) are switched. These result in a zigzag trajectory during

which the k-space is traversed (and filled) back and forth (see figure 6 b).

Using EPI, one is able to carry out a rapid image acquisition (< 100 ms), which allows
full brain coverage with repetition times on the order of a few seconds. Even though
there are some drawbacks, for example possible spatial distortions due to field
inhomogeneities (e.g. close to air cavities like the ear canals) or artifacts like Nyquist
ghosting (the shifting of parts of the image by half the field of view), this fast
acquisition technique is the basis of fMRI used to investigate brain function. EPI

images are always T, -weighted.
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1.2.1.3. fMRI — The BOLD Contrast

The basis of fMRI is the BOLD (Blood oxygenation level-dependent) contrast,
introduced by Ogawa et al. in 1990, which reflects the neuronal activity due to

neurovascular coupling.

Hemoglobin, the key protein for oxygen transport, has different magnetic properties
depending on its state of oxygen loading. Oxygenated hemoglobin is diamagnetic,
whereas deoxygenated hemoglobin is paramagnetic, and therefore disturbs the
magnetic field in its environment. This disruption leads to a shortening of T,*, and
since fMRI EPI images are measuring T,"-weighted signals, to a corresponding

signal drop.

The connection between neural activity and the BOLD signal is achieved by
neurovascular coupling (for a schematic overview, see figure 7). Neural activity (e.g.
synaptic signal transmission) is an energy demanding process, which includes the
restoration of the membrane potential of neurons after firing or the reuptake of
released neurotransmitters using transport-proteins. These processes increase the
cerebral metabolic rate of oxygen, which in turn increases the amount of
deoxygenated hemoglobin in the surrounding blood supplying vessels. Thus, the
BOLD signal from the vasculature near active neurons is decreased. However, the
synaptic transmission also triggers a hemodynamic response through the interplay of
the neurovascular unit, which is comprised of neurons, astrocytes and microvessels.
When neurotransmitters are released, this is not only detected by the subsequent
neurons, but as well by surrounding astrocytes. These astrocytes in turn are
releasing vaso-active substances (e.g. NO, K™ or Adenosine) at their endfeet, which
are in contact with arterioles and capillaries. This leads to vasodilatation of those
vessels, and therefore to an increase in the regional cerebral blood volume (CBV) as
well as a higher cerebral blood flow (CBF), in order to supply both oxygen and
glucose (the main energy source of the brain). The increased CBV adds up to the
decreasing BOLD signal, since the amount of deoxygenated hemoglobin will rise
along with the total blood volume. Nevertheless, the dominating process is the
increase of CBF, which lowers the amount of deoxygenated hemoglobin due to
washout and dilution with oxygenated arterial blood. This increase in CBF occurs in

an amount that exceeds the demands, leading to a net decrease of deoxygenated
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blood, and therefore to an increase of the BOLD signal. Even though the increase is

only a few percent, it is still measurable.

CMRO,

Neural BOLD
Activity » CBv ¢ Signal

CBF

Figure 7: Simplified Model of Neurovascular Coupling

Neural activity leads to an increase of the cerebral metabolic rate of oxygen (CMRO2) and through a
triggered hemodynamic response to increases in cerebral blood volume (CBV) and cerebral blood flow
(CBF). Increases in CMRO2 and CBV have a negative effect on the BOLD (Blood oxygen level-
dependent) signal. In contrast, the increase in CBF has a positive effect, as it lowers the amount of
deoxygenated hemoglobin through the supply of oxygenated arterial blood. Normally, the CBF
increase is the dominating effect, leading to a net increase of the BOLD signal. Recreated after
Kalthoff, 2011.

The hemodynamic response lags the neuronal events initiating it by about 2 s, and
so does the BOLD signal. It reaches a peak about 6 s after e.g. presentation of a
stimulus, followed by a sustained plateau if the neuronal activity is extended in time.
After cessation of the neuronal activity, the BOLD signal drops below the baseline
(the so called undershoot) before recovering back to baseline values. Typical

hemodynamic responses for both short and sustained events are shown in figure 8.
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Figure 8: Schematic BOLD Hemodynamic Response

Shown are representative waveforms of for the hemodynamic response to a single short duration
event (A) and to a block of multiple consecutive events or a sustained event (B). Recreated after
Huettel et al., 2009.

Simultaneous intracortical recordings of neural signals and fMRI responses in
monkeys showed that the BOLD signal had most agreement with low frequency
potentials (LFPs), which reflect the neuronal input and intracortical processing rather

than the spiking output of neurons (Logothetis et al., 2001; Logothetis, 2002).
1.2.1.4. Preprocessing of fMRI Data

In a typical fMRI experiment, the whole brain (or parts of it) is sampled consecutively
several hundred times, resulting in a time series of signals for every brain voxel.
Before those time series are analyzed, they are typically passed through a
preprocessing pipeline, often including corrections for different artifacts, the
registration of images into a common space (i.e. normalization), as well as spatial
and temporal filtering (for review see Strother, 2006; Chen and Glover, 2015). All
these steps are carried out in order to increase the functional signal to noise ratio
(Chen and Glover, 2015). The exact chronological order, which steps to include, and
the specific parameters for each step can differ between studies. Those choices
should depend on the experimental design of the study (Strother, 2006).
Nevertheless, most studies are using a typical preprocessing pipeline as shown in
figure 9. Besides the acquisition of functional images in the experiment, a structural
image with a higher resolution is often acquired as well, providing an anatomical

reference for some of the preprocessing steps (Strother, 2006).
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Figure 9: Typical Preprocessing Pipeline

Quality assurance after image reconstruction should always precede the actual preprocessing. Then,
slice timing correction and head motion correction are carried out first. The sequential order of those
two processes depends on the experimental protocol. Next, a correction for geometric distortions due
to magnetic field inhomogeneities is applied, often followed by physiological noise correction (e.g.
noise due to heart-rate or respiration). The functional images are co-registered to the structural
images, followed by a spatial normalization of both (e.g. to a template brain). Finally, removal of other
nuisance factors, temporal filtering and spatial smoothing can be applied as well. Afterwards, the data
is provided to a statistical analysis, for example in order to make group inferences. Recreated after
Chen and Glover, 2015.

The preprocessing of studies working with MRI data from rodents is sometimes
differing in some aspects from human studies. The main big software packages for
the analysis of fMRI data were originally designed for human MRI data, introducing
translational problems ranging from data formats over brain dimensions up to
biophysical priors when used for rodent data. Because of this, additional steps like
increasing the brain size (typically, the edge lengths of voxels are multiplied by 10,
i.e. the volume is increased by a factor of 1000) are often added to the preprocessing
pipeline (Kalthoff, 2011).

An important but sometimes neglected element of data preprocessing is the quality
control between consecutive steps, for example by visual inspection using image
viewing tools. Despite standard image viewers, the major software packages have
also implemented cine viewers. These are allowing the rapid viewing of many slices
using the eyes sensitivity to dynamic changes, in order to detect anomalous slices
(Strother, 2006). The absolute identification of left and right hemispheres (i.e. image
orientation) should also be included, e.g. by testing the preprocessing pipeline with a

phantom containing absolute left-right labels (Strother, 2006). There are two
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conventions for displaying MRI data. The radiological convention swaps the left-right
orientation (i.e. displays the left hemisphere on the right and the right hemisphere on
the left side of the image), due to the way in which radiologists typically interact with
their patients (generally facing them or lying in the scanner with their feed towards
them). In contrast to this, the neurological convention keeps the normal left-right
orientation (i.e. left is left and right is right), based on the way a surgeon is looking
from the head to the feed of the patient (Huettel et al., 2009).

1.2.1.4.1. Slice Timing Correction

The TR (i.e. the time to collect one full brain volume) ranges between some hundreds
of milliseconds to several seconds, depending on the experimental protocol. A lot of
studies today are using TR’s of 2-3 s. Due to the sequential acquisition of slices using
EPI, the time point when each slice of one volume is sampled varies nearly a full TR
of 2-3 s between the first slice and the last one. Even when using an interleaved
acquisition scheme (i.e. all odd slices are collected first, followed by all even slices),
this delay between the sampling of slices is still the TR/2 (Strother, 2006). The slice
timing correction uses temporal interpolation in order to correct this acquisition delay
(Calhoun et al., 2000). These corrections are estimating the signal amplitudes of
each slice at a reference time point by interpolating information from neighboring TRs
(i.e. previous and following volumes; Chen and Glover, 2015), which has been shown

to be beneficial for parameter estimation (Sladky et al., 2011).

There is an interaction between the slice timing effect and motion, which raised the
question if one should apply the slice timing correction before or after motion
correction. There are different opinions regarding this issue. For example, Huettel et
al., 2004 proposed that slice timing correction should precede motion correction for
an interleaved slice acquisition with a long TR, whereas it should follow motion
correction with sequential acquisitions or short TRs. Some years later, Sladky et al.,
2011 proposed to perform the slice timing correction before motion correction, if the
subjects motion is only moderate, whereas to perform it after motion correction, if
there is a pronounced inter-slice motion. Combined algorithms, performing slice
timing and motion correction simultaneously, are showing potential for solving this
interaction problem (Bannister et al., 2007; Roche, 2011). However, those algorithms
are not yet implemented in the major fMRI software packages.
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1.2.1.4.2. Motion Correction

Most motion correction procedures used in fMRI studies are rigid-body realignment
strategies. These corrections are assuming that a volume (i.e. a full stack of slices) is
collected instantaneously, and therefore only rigid movement of the entire volume
occurs across the sequentially collected volumes (Strother, 2006). These movements
are corrected by properly aligning all volumes of the scan session to each other. This
is usually done using a cost function, which measures the similarity of each volume to
a reference volume (usually the first or the middle volume of the whole scan), and
spatial interpolation. First, an algorithm estimates the optimal rigid-body movement
variables (three rotations and three translations in direction and around the x-, y- and
z-axis) for each volume by minimizing this cost function. Afterwards, spatial
interpolation is carried out using this six movement variables, i.e. each volume is
resampled according to the determined transformation parameters (Strother, 2006).
This interpolation step is necessary, because the voxels discrete integer coordinates
will usually turn into float coordinates after the transformation. Therefore, in order to
map the data back onto a discrete grid, this interpolation is used (Kalthoff, 2011).

For rodent experiments, where the animal is first of all anesthetized or sedated, and
second tightly fixed in the scanner (e.g. by a bite bar and ear rods), the motion does
not stem from slow, physical head movements like in human studies. Instead, it
results mainly from the rather fast respiratory cycle. Therefore, the displacement can
differ between slices, which were possibly acquired in different respiratory phases
(Kalthoff, 2011). Because of this, Kalthoff, 2011 developed a slice-wise motion
correction, which realigns each slice to a reference slice, instead of using the full
volumes. For this correction, transformations are restricted to in-plane translation (x-

and y-direction) and rotation (around the z-axis).
1.2.1.5. Correction for Geometric Distortions

EPI images are prone to geometric or intensity distortions, due to magnetic field
inhomogeneities, primarily caused by air- and bone-tissue magnetic susceptibility
gradients (Strother, 2006). These distortions can be corrected by the acquisition of a
field map, and the following so-called unwarping of the EPI images (Jezzard, 2012).

The field-map is calculated using two gradient echo images with different TE’s, and is
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representing the phase evolution between those two echo times, yielding the

deviation from B, in every voxel (Kalthoff, 2011).
1.2.1.6. Normalization

In order to directly compare the data of different subjects, a voxel in one subject must
represent the same underlying tissue (e.g. brain region) as the voxel at this position
in all other subjects. This is not immediately given due to the different sizes and
shapes of the individual brains. Therefore, in order to achieve this, all individual
brains are normalized to a template brain (Chen and Glover, 2015). This template
could be either one single brain (e.g. one representative brain from the study), or an
“average brain” reconstructed from several brain images. For humans, the Talairach
atlas (Talairach and Tournoux, 1988) or the MNI template (Fonov et al., 2009, 2011)
are mostly used, but there are different templates available for rats as well (Schwarz
et al., 2006; Valdés-Hernandez et al., 2011; Nie et al., 2013; Lancelot et al., 2014).

This normalization can either be done using surface-based landmarks or voxel-based
intensities (Strother, 2006). For example, the normalization routine from SPM
(Statistical Parametric Mapping, Wellcome Trust Centre for Neuroimaging, London,
UK; http://www fil.ion.ucl.ac.uk/spm/), one of the major fMRI analysis software
packages, uses tissue probability maps (TPM’s, representing gray matter, white
matter, cerebrospinal fluid and remaining tissues) in order to normalize the individual
brains to the template brain (Ashburner and Friston, 1997, 1999, 2005). The
individual brains are matched to the template brain by estimating an optimum 12-
parameter affine transformation and the following warping of the volumes (Ashburner
and Friston, 1997). The functional EPI volumes could either be directly normalized to
the template brain, or one could use a high resolution structural MRI image for the
estimation of the transformation parameters. These could be applied to the functional
EPI volumes afterwards, given that the structural MRI image and the EPI images are
aligned to each other (Chen and Glover, 2015). The latter approach using a high
resolution structural MRI image for the estimation of the transformation parameters
allows for a more accurate normalization, because the structural images usually have
less noise and more structural information than the functional images (Ashburner and
Friston, 1999).
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1.2.1.7. Spatial and Temporal Filtering

The spatial filtering (i.e. spatial smoothing) of functional EPI images is mainly carried
out, because it has been shown that this step can enhance the signal-to-noise ratio,
and increase the significance of the BOLD activations (Lowe and Sorenson, 1997).
Additionally, it can also help to reduce the anatomical or functional variations among
the different subjects (Chen and Glover, 2015), to match the spatial scale of
hemodynamic responses, or to improve the validity of inferences based on
parametric tests (Scouten et al., 2006). Spatial smoothing is usually done by
convolving the data with a Gaussian kernel. Because the optimal full width at half
maximum (FWHM) of this kernel depends on several factors, it is a often difficult to
choose an appropriate one. When using fixed smoothing kernels, a smaller kernel
(~4 mm) is suggested for single subject analysis, while a wider kernel size (6-8 mm)
may be applied for a group-level analysis, in order to compensate for differences
between the individual subjects (Chen and Glover, 2015). However, there are also
methods existing which are utilizing adaptive smoothing kernel sizes (Penny et al.,
2005; Yue et al., 2010).

Temporal filtering using high-pass filters with small cut-offs (~ 0.01 Hz) is carried out
in order to remove low frequency noise like slow scanner drifts (Holmes et al., 1997;
Friston et al., 2000). However, for resting-state studies, additional low-pass filtering
(or the use of a band-pass filter) is often carried out, in order to remove high-
frequency artifacts due to cardiac rhythm, respiration, as well as thermal noise
(Sierakowiak et al., 2015).

1.2.2. Functional Connectivity

Functional connectivity, including resting-state connectivity, is used to describe the
temporal coherence of neural activity of anatomically separated brain regions,
forming the so called resting-state networks (RSN's; for review see (Gusnard and
Raichle, 2001; Raichle, 2010; van den Heuvel and Hulshoff Pol, 2010; Barkhof et al.,
2014; Pan et al.,, 2015). The term functional connectivity was formerly used to
describe the temporal coherence among the activity of different neurons, measured
by cross-correlating their spike trains, resulting in the so called correlograms (Aertsen
et al., 1989; Friston et al., 1993). In the early 90’s, this concept was transferred to

positron emission tomography (PET) data (Friston et al., 1993), but functional

34



magnetic resonance imaging (fMRI) is usually the method of choice today (see
chapter 1.2.1 for an introduction into fMRI and the nuclear magnetic resonance
mechanisms). Especially the application of resting-state fMRI (rs-fMRI) gained
particular attention in the examination of functional connectivity between brain
regions, measured as the level of co-activation of fMRI time-series during rest (van
den Heuvel and Hulshoff Pol, 2010). The co-activation is believed to reflect the
functional communication between those brain regions (Biswal et al., 1995; Greicius
et al., 2003; Salvador et al., 2005a; Damoiseaux et al., 2006; van den Heuvel and
Hulshoff Pol, 2010).

1.2.3. Brain Activity During Rest

Despite the fact that the human brain represents only 2% of the total body weight, it
still accounts for around 20% of all the energy consumed (Clarke and Sokoloff, 1999;
Gusnard and Raichle, 2001; Raichle, 2010). Remarkably, most of this energy
consumption is present even during the resting-state, while the additional energy
consumption associated with task related changes in brain activity is often less than
5%, i.e. the brain’s enormous energy consumption is little affected by task
performance (Sokoloff et al., 1955; Raichle, 2010). This raised the question of why
the brain consumes all this energy in the resting state (Gusnard and Raichle, 2001).
In fact, according to the assessments of brain energy metabolism using a variety of
approaches, the majority of this brain energy consumption is likely devoted to

functionally significant intrinsic activity (Raichle and Mintun, 2006; Raichle, 2010).

Biswal et al., 1995 were the first to describe an example of resting-state functional
connectivity, when they demonstrated that the spontaneous fluctuations of the BOLD
fMRI signal (see chapter 1.2.1.3) in the primary sensory motor cortex of the left and
right hemisphere show a high correlation between their BOLD time-series (Biswal et
al., 1995, 1997). This finding of functional connectivity between left and right motor
cortex was replicated by several studies, and extended by findings of correlations
between regions of other known functional networks, e.g. the primary visual network,
auditory network and higher order cognitive networks (Lowe et al., 1998, 2000; Xiong
et al., 1999; Cordes et al., 2000, 2002; Greicius et al., 2003; Beckmann et al., 2005;
De Luca et al., 2005; Vincent et al., 2006; Damoiseaux et al., 2006; Fox and Raichle,
2007; Biswal et al., 2010; van den Heuvel and Hulshoff Pol, 2010; see chapter
1.2.6.2). Among the higher order cognitive networks, the default mode network
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(DMN) has received by far the most attention (Gusnard and Raichle, 2001; Raichle et
al., 2001; Rosazza and Minati, 2011; Raichle, 2015; see chapter 1.2.6.1).

Since the spontaneous BOLD fluctuations during rest are mainly dominated by lower
frequencies (< 0.1 Hz) (Cordes et al., 2000, 2001), these low frequency oscillations
(~0.01-0.1 Hz) of resting-state fMRI time-series are the main focus of resting-state
functional connectivity studies (Biswal et al., 1995, 1997; Lowe et al., 2000; Cordes et
al., 2001; van den Heuvel and Hulshoff Pol, 2010). There has been an ongoing
discussion about the origin of these low frequency fluctuations, i.e. if these resting-
state BOLD signals stem from physiological processes like respiratory and cardiac
oscillations (Wise et al., 2004; Birn et al., 2006, 2008; Shmueli et al., 2007; Chang et
al., 2009; van den Heuvel and Hulshoff Pol, 2010), or whether they really represent
co-activations of brain regions due to correlated spontaneous neuronal activity
(Gusnard and Raichle, 2001; Greicius et al., 2003; Buckner and Vincent, 2007). Due
to the low temporal resolution of typical resting-state studies (using acquisition rates
of 2-3 s per scan, i.e. 0.5 Hz), high frequency respiratory and cardiac oscillations (in
the range of 0.25 Hz) are usually undersampled and therefore aliased into the lower
resting-state frequencies (0.01-0.1 Hz), what might shape the BOLD time-series of
anatomically separate brain regions in a similar way, introducing artificial correlations
between the time-series of these regions (Wise et al., 2004; Birn et al., 2006, 2008;
Shmueli et al., 2007; Chang et al., 2009; van Buuren et al., 2009; van den Heuvel
and Hulshoff Pol, 2010). However, it was demonstrated that cardiac and respiratory
oscillations (> 0.25 Hz) contributed only minimally to the correlation of brain areas
(Cordes et al., 2001). Furthermore, the observation that most of the resting-state
connectivity tends to occur between brain regions that are overlapping both in
function and neuroanatomy (Biswal et al., 1995; Lowe et al., 2000; De Luca et al.,
2005; Salvador et al., 2005a; Damoiseaux et al., 2006; van den Heuvel et al., 2008a;
van den Heuvel and Hulshoff Pol, 2010), as well as studies showing a strong
association between spontaneous BOLD fluctuations and simultaneous measured
fluctuations in neuronal spiking (Shmuel et al., 2002; Shmuel and Leopold, 2008) are
both in favor of a neuronal basis of the resting-state fMRI signal (van den Heuvel and
Hulshoff Pol, 2010). In addition to this, a study demonstrated the abolishment of
interhemispheric functional connectivity following the resection of the corpus
callosum (Johnston et al., 2008). Nevertheless, non-neuronal fluctuations are still

able to influence and corrupt the resting-state signal, which is why methods to reduce
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the influence of these signals, e.g. monitoring physiological parameters during
scanning and regressing those non-gray matter signals out of the fMRI signal
(Weissenbacher et al., 2009), are becoming more and more standard in the
preprocessing of resting-state fMRI signals (Birn et al., 2008; Chang et al., 2009; van
Buuren et al., 2009; van den Heuvel and Hulshoff Pol, 2010).

1.2.4. Analysis Methods for Resting-State Data

During the typical acquisition time of resting-state studies of 5-10 minutes (Barkhof et
al., 2014), the patients are instructed to relax and not to think of something in
particular (van den Heuvel and Hulshoff Pol, 2010). Even though 5 minutes seem to
be enough to investigate resting-state connectivity (Van Dijk et al., 2010; Whitlow et
al., 2011), the reliability increases with longer acquisition times (Birn et al., 2013).
Because no task is needed for resting-state studies, the method is suitable for
investigating populations such as children, subjects with dementia, or patients with
reduced consciousness (coma or sedation), where performing task-based fMRI might
be problematic (Cole et al., 2010; Barkhof et al., 2014). Furthermore, it can be
applied to animals like rodents as well, opening opportunities for translational studies
(Pan et al.,, 2015). However, one has to keep in mind that altered states of
consciousness, e.g. due to anesthesia (Greicius et al., 2008; Boveroux et al., 2010;
Noirhomme et al., 2010; Williams et al., 2010; Magnuson et al., 2014) or sleep
(Larson-Prior et al., 2009, 2011; Koike et al., 2011; Samann et al., 2011), are able to
alter the resting-state connectivity (Barkhof et al., 2014). There are different methods

available for the investigation of resting-state data.
1.2.4.1. Seed-based Region of Interest Correlation Analyis (Seed ROI)

In seed-based correlation analyses, one or more regions of interest (ROI) are
selected a priori, and the fMRI signal of the seed ROI is then compared to the signal
of all other brain regions, using correlation or general linear model techniques (Cole
et al., 2010; Van Dijk et al., 2010; Barkhof et al., 2014). This univariate method
(analyzing the correlation of the seed ROI with each other data point separately,
while ignoring the relationships between multiple data points) is the most
straightforward way for the analysis of resting-state data, especially for hypothesis-
driven studies (McKeown et al., 1998; van den Heuvel and Hulshoff Pol, 2010;

Barkhof et al., 2014). The results are easy to interpret, since one is asking a simple
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question about the connectivity (“which region is functionally connected with the
ROI”) and receiving a direct answer (Cole et al., 2010; van den Heuvel and Hulshoff
Pol, 2010). However, there are also disadvantages, e.g. the susceptibility for
structured spatial confounds, such as structured noise (head motion effects, scanner-
induced artifacts, or influences from the cardiac and respiratory cycle; Cole et al.,
2010). Furthermore, the results may strongly depend on the choice of the seed
region (including the choice of the specific voxel), which can result in a large amount

of variability in results and subsequent interpretations (Cole et al., 2010).
1.2.4.2. Independent Component Analysis (ICA)

Another method that gained more and more popularity during the last two decades is
the independent component analysis (ICA; see chapter 1.2.4.2.1). In contrast to seed
based correlation techniques, the ICA is a multivariate technique (taking relationships
between multiple data points into account; Barkhof et al., 2014). In short, the ICA
decomposes the fMRI data into a set of spatially independent components (ICs),
where each component is consisting of a collection of brain regions with an internally
consistent temporal signal (i.e. the regions within a component are functionally
connected; Barkhof et al., 2014). However, the voxel values of the component do not
represent the gray values of the fMRI measurements. Instead, these values
represent the relative amount a given voxel is modulated by the time course of that
component (McKeown et al., 1998). Therefore, if two voxels in the spatial map of a
component (which are thought to be functionally connected due to the sharing of the
components associated time course) are having the same values, this does not mean
that the fMRI signals of both voxels have to be correlated (which would be the case
for voxels in the maps of seed-correlation analyses). The fact that the ICA is a model
free technique, requiring no prior assumptions (e.g. which brain region to choose as a
seed ROI), is a great benefit especially for explorative studies (van den Heuvel and
Hulshoff Pol, 2010). However, there are some disadvantages as well. For example,
the independent components are often perceived as more difficult to understand than
traditional seed-based connectivity maps, as they contain a more complex
representation of the data (Fox and Raichle, 2007; van den Heuvel and Hulshoff Pol,
2010). Additionally, the choice of dimensionality (i.e. one has to tell the ICA algorithm

how many components to estimate) is somewhat arbitrary (Cole et al., 2010).
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1.2.4.2.1. ICA explained

For the interested readers, this chapter explains how ICA is functioning more
precisely. If not stated otherwise, it is a compilation of the book “Independent
Component Analysis - A Tutorial Introduction” by Stone, 2004, and the following
journal papers: McKeown et al., 1998; Hyvarinen and Oja, 2000; Brown et al., 2001b;
Stone, 2002; Beckmann and Smith, 2004. For a more comprehensive description of
the following, the reader is referred to any of these mentioned works. Readers
familiar with the theory behind ICA may skip this section and continue with section
1.2.4.3.

The independent component analysis (ICA) is a blind source separation (BSS)
technique, and therefore related to other BSS techniques like the principal
component analysis (PCA) or factor analysis (FA). The basic idea of ICA is to extract
a set of underlying source signals sy, s,,...,s, = S from a set of signal mixtures

X1, X2, -, X = X, that were produced by an unknown mixing process M:

S1 my X1
s m X
2 |y 2| _ 2
Sn m, X (12)
SxM=X

This is done by finding an unmixing matrix W (which is actually the inverse of the
mixing matrix, i.e. M'), that can be used to reconstruct a set of underlying
independent components (ICs) c¢;,cy,...,c, =C from the signal mixtures

X1, X0, ey Xy = X

X1 wq C1
X w c
2 | 2| _|[ ¢
x, w,, C, (13)
XXW=C

The classical example is the so called “cocktail party problem”. Imagine two (or more)
people talking at a party, whose voices are recorded by two (or more) microphones
(in order to extract n sources, at least n different signal mixtures are needed). Each

microphone is recording a time-varying audio signal that is a mixture (weighted sum)
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of the voices of both speakers. The ICA can then be used to find an unmixing matrix
(the inverse of the mixing process), that can be used to reconstruct two (or more)
audio signals from which each comprises the voice of one of the two (or more)

speakers (see figure 10).

Source 1 Mixture 1 IC 1

Source 2 Mixture 2 b //77 IC 2
s CS

Source n Mixture n IC n

S M X W C

Figure 10: Independent Component Analysis Scheme
A set of source signals sy, s,, ..., s,, = S is mixed by an unknown mixing process M, resulting in a set
of signal mixtures x,, x,, ..., x, = X. The independent component analysis (ICA) is finding an unmixing

matrix W, that can be used to reconstruct the independent components (ICs) ¢4, ¢y, ..., ¢,, = C from the
set of signal mixtures (top). A classical example is the reconstruction of audio signals, e.g. extracting
individual voices from mixture recordings of those voice signals (bottom). Note that the ICA is unable
to preserve the sign or scale of the signals, which is why the inverse of the source signals may be
recovered as well. Furthermore, the number of components to be extracted could be specified in
advance (e.g. set to 2 like in this example), or the algorithms might estimate the number of
components by themselves. In the latter case, the extraction of components is usually stopped when
the extraction of further components would not explain much more of the data’s variance. The
illustrations of audio signals (waveforms) are reprinted from Hyvarinen and Oja, 2000 with permission
from Elsevier.

Unfortunately, the ICA is unable to preserve the sign or scale of the signals, which is
why the inverse of the source signals may be recovered as well. However, this is no
problem for most applications. Additionally, there is not only one solution of the
unmixing matrix W. Because of this, running an ICA several times on the same data
might in theory produce several different outcomes. In order to overcome this
problem, algorithms like ICASSO have been introduced, that evaluate the
consistency of estimated ICs over several runs (Himberg et al., 2004). Even though if
the ICs extracted by two consecutive ICAs on the same data set might be identical,
their ordering might still be different. Therefore, the algorithms are usually ordering
the independent components by their amount of explained variance to the data

(Beckmann and Smith, 2004). It is also worth noting the problem of dimensionality
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when using ICA. The number of components to be extracted could be specified in
advance, or the algorithms might estimate the number of components by themselves.
In the latter case, the extraction of components is usually stopped when the

extraction of further components would not explain much more of the data’s variance.

While for example PCA assumes that the source signals are uncorrelated, ICA is
based on the assumption that the source signals are not only uncorrelated, but
statistically independent (hence the name). If two signals are statistically
independent, then knowing the value of one signal provides absolutely no information
about the corresponding value of the other signal, which is not always the case for
uncorrelated signals. For example, if one defines x =sinz and y = cosz (where
z =0...2I1) then x and y are uncorrelated. However, x* = sin®z and y* = cos®z are
negatively correlated, which is why knowing the value of x still provides information
about the value of y (indirectly via the square of the values). Now, the ICA algorithms
are trying to find an unmixing matrix that maximizes the independence of the
extracted components. It is usually assumed that the underlying source signals are
less Gaussian than mixtures of those source signal. Therefore, by maximizing a
measure of non-Gaussianity, one is able to extract the source signals. There are
different approaches to counter this problem, and the exact method can differ
between different algorithms. For example, the infomax algorithm by Bell and
Sejnowski, 1995 maximizes the entropy of the signals extracted by the unmixing
matrix, whereas the Fast/CA algorithm as used by Beckmann and Smith, 2004
maximizes the neg-entropy. However, other measures of non-Gaussianity like the

kurtosis are possible as well.

Instead of using ICA to derive the source signals of audio signals, it can also be
applied to fMRI data (see figure 11). The fMRI data is representing a temporal
sequence of images, with each image consisting of a set of pixels. In general, each
column of the data array X is an image at one timepoint, whereas each row of X is
the temporal sequence of one pixel over time. Because of this, for fMRI data the ICA
may maximize independence either over time (rows) or space (columns). Temporal
ICA (tICA) is finding mutually independent temporal sequences and a corresponding
set of unconstrained images. However, for fMRI data, spatial ICA (sICA) is usually
the method of choice. In Contrast to tICA, sICA is finding mutually independent

images and a corresponding set of unconstrained temporal sequences. The temporal
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sequence can be viewed as a weight factor, which determines how much a spatially
independent component contributes to the overall observed mixture signal at any
given point of time. This means that the signal observed at a given voxel is modeled

as a sum of the contributions of all the independent components.
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Figure 11: Independent Component Analysis of fMRI Data

a) The source signals of the fMRI signal, i.e. the brain areas covered by the different voxels, could be
represented as a mixture of independent components. The mixing matrix M specifies the relative
contribution of each component C to the measured fMRI signal X at each time point. The ICA finds an
unmixing matrix that separates the observed component mixtures into the independent components.
b) Each independent component consists of a component map, representing the spatial distribution of
voxel values, and an associated time course of activation. The signal observed at a given voxel is
modeled as a sum of the contributions of all the independent components. Note that the active areas
of the statistically independent maps may be partially overlapping. McKeown et al., 1998, reproduced
with permission from John Wiley and Sons.

There are two major analysis tools for the analysis of group fMRI data using ICA
(Schopf et al, 2010). The first one is GIFT (Group ICA Toolbox,
http://icatb.sourceforge.net/) introduced by Calhoun et al., 2001, and the second one
is the MELODIC (Multivariate Exploratory Linear Optimized Decomposition into
Independent Components) tool of FSL (Beckmann and Smith, 2004). In order to
analyze group data, these tools are usually using a concatenation approach, i.e.
concatenating the fMRI runs of all subjects in the temporal domain. This means, the
ICA algorithm virtually acts as if it is analyzing a very long run of one subject, instead
of multiple runs of several subjects, and thereby extracts the underlying components
that are shared by all or most of the subjects. However, MELODIC offers two different
ways of performing an ICA on the data of multiple subjects. One can either run a 3
dimensional (3D) Tensor-ICA, where individual data sets will be represented as a

time x space x subjects tensor of data (Beckmann and Smith, 2005), or one can
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concatenate the data of all individuals in the temporal domain, and run a single 2D
ICA on the concatenated data matrix (Calhoun et al., 2001; Beckmann et al., 2005).
But since the 3D Tensor-ICA assumes that the temporal response pattern is the
same across the population, which cannot be assumed for resting-state data, the 2D
temporal concatenation approach is more appropriate for the analysis of functional

connectivity in the resting-state.

After extracting spatially independent component maps from the fMRI data,
MELODIC uses a Gaussian/Gamma mixture model in order to distinguish meaningful
signals from the overall noisy signal (Hartvig and Jensen, 2000; Beckmann and
Smith, 2004; see figure 12). The noise is modeled by a Gaussian distribution, and the
intensity values of the independent component maps are transformed to Z-scores by
dividing them by the estimate of the voxel-wise noise standard deviation. In contrast
to raw IC estimates, the Z-score maps depend on the amount of variability explained
by the entire decomposition at each voxel location. Finally, a Gaussian/Gamma
mixture model is fitted to the individual maps in order to infer voxel locations that are
significantly modulated by the associated time course. Voxels whose Z-scores are
included in the Gaussian part of this model are assumed to represent noise, whereas
voxels whose Z-scores are covered by one of the two Gamma curves are assumed
to be “activated” voxels (i.e. their intensity value is some standard deviations different
from the overall noise). Finally, the component maps can be thresholded
appropriately, displaying only “activated” voxels (Beckmann and Smith, 2004).
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Figure 12: Gaussian/Gamma Mixture Model

(i) In order to distinguish meaningful signal from the overall noisy signal, the voxels intensity values are
first transformed to Z-scores. Afterwards, a Gaussian and two Gamma curves are fitted to the intensity
values, where the Gaussian curve is assumed to include the noise, and the Gamma curves are
assumed to include the “activated” voxels, which are significantly modulated by the components
associated time course. (i) The left picture shows the raw IC map, and the right picture the
thresholded IC map after Gamma/Gaussian mixture modeling. Beckmann and Smith, 2004, reprinted
with permission © 2004 |IEEE.

1.2.4.3. Dual Regression

At least two different methods have been developed for comparing the independent
components of different groups, e.g. comparing an experimental group with a control
group. For example, GIFT uses a back-projection approach which returns subject-
specific maps and time courses after running ICA on the temporally concatenated
group data (Calhoun et al., 2001; Schopf et al., 2010). However, MELODIC uses a
somewhat different approach called dual regression (Beckmann et al., 2009; Filippini
et al., 2009). This approach uses the group-level spatial maps (from the multi-subject
ICA components) as a set of spatial regressors in a General Linear Model (GLM) for
the individual subject data, in order to get subject specific time courses for the multi-
subject components. These subject specific time courses are normalized to unit
variance, and then used as temporal regressors in a GLM for the individual subject
data, in order to find subject specific maps which are still associated with the group-
level spatial maps (Beckmann et al., 2009). Finally, the individual spatial maps are
compared statistically, for example using nonparametric permutation testing (Nichols
and Holmes, 2003; Beckmann et al., 2009; Winkler et al., 2014). This approach has
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turned out to be an effective and reliable approach for the exploratory analysis of
resting state fMRI data, with a moderate-to-high short- and long-term test-retest
reliability (Zuo et al., 2010).

1.2.5. Seed ROl and ICA compared

Fortunately, comparing seed ROI with ICA, both methods tend to show a strong
overlap between their results, supporting the existence of several functionally
connected resting-state networks (Biswal et al., 2010; van den Heuvel and Hulshoff
Pol, 2010). For example, functional connectivity in the primary motor network, which
was originally revealed by seed based analyses (Biswal et al.,, 1995; Xiong et al.,
1999; Cordes et al., 2001), has been replicated using ICA (Beckmann et al., 2005;
Damoiseaux et al., 2006). And the DMN has been consistently found both using ICA
(Beckmann et al., 2005; Damoiseaux et al., 2006) or seed-correlation techniques
(Greicius et al., 2003; Whitfield-Gabrieli et al., 2009). There are some additional
methods for the analysis of resting-state data as well, e.g. the principal component
analysis (PCA) (Friston et al., 1993), clustering methods (Cordes et al., 2002; Thirion
et al., 2006; van den Heuvel et al., 2008a), or graph analysis (Salvador et al., 2005b;
Achard, 2006; Achard and Bullmore, 2007; Liu et al., 2008; van den Heuvel et al.,
2008b). But seed based correlation and the application of ICA seem to be the most

common used techniques for the analysis of resting-state data.

The test-retest reproducibility of resting-state fMRI studies seems to be variable
(Barkhof et al., 2014), from low (Wang et al., 2011) to moderate to high (Van Dijk et
al., 2010; Zuo et al., 2010; Chou et al., 2012; Guo et al., 2012; Seibert et al., 2012;
Patriat et al.,, 2013). In a study using the pooled data of 1414 subjects from 35
different centers, and using both seed correlation as well as ICA analyses, Biswal et
al., 2010 demonstrated that there is indeed a center-related variation present in the
rs-fMRI data. But nevertheless, their study still provided evidence for a universal
intrinsic functional architecture, and revealed consistent effects of age and sex on
rs-fMRI measurements, that were detectable across centers despite the presence of
center-related variability (Biswal et al., 2010). Therefore, rs-fMRI has proven to be a
useful tool for the investigation of brain connectivity, for example in order to examine
possibly altered functional connectivity in neurologic and psychiatric brain disorders,
such as dementia (Rombouts et al., 2009), Alzheimer's disease (Greicius et al., 2004;

Rombouts et al., 2005), depression (Greicius et al., 2007), and of course
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schizophrenia (Bluhm et al., 2007; Garrity et al., 2007; Liu et al., 2008; Whitfield-
Gabrieli et al., 2009; Karbasforoushan and Woodward, 2012; see chapter 1.2.7).

1.2.6. Resting-State Networks

1.2.6.1. Default Mode Network

In the late 90’s, researchers started to notice that some specific areas in the human
brain consistently reduced their activity while performing various novel, non-self-
referential, goal-directed tasks, when these tasks were compared with the resting-
state (Shulman et al,, 1997; Binder et al., 1999; Raichle, 2015). Using PET
measurements of regional blood flow and oxygen consumption, Raichle and
colleagues concluded that these brain areas were not “activated” in the resting-state
(e.g. caused by experimentally uncontrolled cognition) but rather were indicative of a
“heretofore-unrecognized organization within the brain’s intrinsic or ongoing activity”
(Gusnard and Raichle, 2001; Raichle et al., 2001; Raichle, 2015). They titled their
paper “A Default Mode of Brain Function”, and thereby shaped the term “default
mode network”. Furthermore, together with the findings of Biswal et al., 1995, this laid
the foundation for the investigations of other resting-state networks as well (Raichle
et al., 2001; Raichle, 2015). In contrast to other resting-state networks, the regions of
the DMN are known to show an elevated level of neuronal activity during rest, and
diminish their activity during the performance of goal-directed tasks. This is
suggesting that the activity of this network is reflecting a default state of the human
brains neuronal activity (Raichle et al., 2001; van den Heuvel and Hulshoff Pol,
2010). According to the sentinel hypothesis, which views the DMN as a network for
monitoring the external environment, this seems to be of great importance (Buckner
et al., 2008). For example, the detection of predators should not require the
intentional allocation of attentional resources. Instead, these resources should be
allocated automatically and be continuously available, except if focused attention is
needed for a successful task performance (Raichle et al., 2001). However, there are
alternative hypotheses as well, e.g. the internal mentation hypothesis, which states
that the DMN contributes directly to cognitive performances such as internal

mentation (for review see Buckner et al., 2008).
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1.2.6.1.1. Human DMN

The human DMN is comprised of three major subdivisions, namely the ventral medial
prefrontal cortex (vmPFC), the dorsal medial prefrontal cortex (dmPFC), and the
posterior cingulate cortex (PCC) including adjacent precuneus and the lateral parietal
cortex (Raichle, 2015; see figures 13 and 14). Another area that has been associated
with the DMN is the entorhinal cortex (Raichle, 2015).

The vmPFC seems to be a key structure in a network of areas which receive sensory
information from the external world and the body via the orbital frontal cortex, and
relay that information to structures such as the hypothalamus, the amygdala, and the
periaqueductal gray of the midbrain (Rolls and Baylis, 1994; Carmichael and Price,
1995; Ongur and Price, 2000; Raichle et al., 2001; Barbas, 2007; Raichle, 2015). It
seems to be involved in important components of an individual’s personality, such as
social behavior, mood control, and motivational drive (Raichle et al., 2001; Raichle,
2015). For example, it has been shown that the emotional state of the subject has a
direct effect on the activity level in the vmPFC component of the default mode
network (Simpson et al., 2001a, 2001b; Raichle, 2015). In contrast to the vmPFC, the
dmPFC has been associated with self-referential judgments (Gusnard et al., 2001;
Raichle, 2015).

Due to a significant relationship between the hippocampal formation and the
posterior elements of the DMN (Vincent et al., 2006), these areas (i.e. the posterior
cingulate cortex and the adjacent medial precuneus, together with the lateral parietal
components of the DMN) have been consistently associated with the successful
recollection of memory (Vincent et al., 2006; Raichle, 2015).

In summary, the DMN seems to be involved in emotional processing (vmPFC), self-
referential mental activity (dmPFC), and the recollection of prior experiences
(posterior elements of the DMN; Raichle, 2015). The individual parts of the DMN can
be differentially affected during the performance of different tasks (Gusnard et al.,
2001; Andrews-Hanna et al., 2010), but the available evidence indicates that the
functions of the default mode network are never completely turned off. Instead, they
seem to be carefully modulated (i.e. enhanced or attenuated), depending on the

current demands (Raichle, 2015).
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1.2.6.1.2. Rat DMN

As fMRI and especially rs-fMRI can also be measured in other species such as
rodents, it is an ideal tool to bridge between animal models and research in human
diseases like schizophrenia due to the direct translational value, meaning the same
test can be done both in an animal model and in human patients (Gorges et al.,
2017).

Lu et al., 2012 were the first to describe a network in the rat that is homologous to the
human DMN, even though some aspects of DMN-like functional connectivity in rats
were reported one year earlier by Upadhyay et al., 2011. This rat DMN is mainly
comprised of frontal areas and areas along the central midline, including the ventral,
lateral and rostral medial orbital frontal cortex (OFC, VO, LO, rMO), the rostral dorsal
prelimbic cortex (PrL), the cingulate cortex (Cg1 and Cg2), the retrosplenial cortex
(RSC; both granular and dysgranular retrosplenial cortex RSG/RSD), the rostral and
dorsal posterior parietal cortex (PtPR, PtPD) as well as the medial secondary visual
cortex (V2M). Furthermore, the primary and secondary auditory cortex (Au1, AuD,
AuV) and the temporal association cortex (TeA), as well as the dorsal hippocampus
(CA1) also appear to be involved (Lu et al., 2012; see figure 13). Another group also
reported the involvement of the infralimbic cortex (IL), septal and thalamic nuclei, as
well as the bilaterally anticorrelated sensorimotor region (Sierakowiak et al., 2015).
But it should be mentioned that the latter group was using a seed correlation
approach, placing their seed ROI in the rostral anterior cingulate cortex (ACC),

whereas the former group was using an ICA approach.

As can be seen in figure 13, the DMNs of rats and humans are similar, but not
identical. For example, the connectivity between anterior and posterior cingulate
cortices includes the entire midline in the rat brain, whereas it remains more focal in
the human (Lu et al., 2012). The orbital areas (VO, LO, rMO), PrL, and ACC are
components of the rat prefrontal cortex, whereas the RSG and RSD are homologous
to the human posterior cingulate cortex (Kolb, 1990; Price, 2007; Lu et al., 2012).
Furthermore, the posterior parietal cortex (PPC) and the V2M are part of the rat

parietal association cortex (Torrealba and Valdés, 2008; Lu et al., 2012).

The frontal orbital areas are part of the so called orbital medial prefrontal cortex

(OMPFC), which can be divided into a medial “emotional motor” network, and into a
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orbital “viscerosensory” network, receiving inputs from several sensory modalities
(Floyd et al., 2000, 2001; Lu et al., 2012). In general, all the structures involved in the
rat DMN seem to receive high-order information from virtually all sensory modalities,
and are having direct or indirect connections with core limbic structures such as the
hippocampus or amygdala, suggesting the involvement of memory and emotional
behavior (Lu et al., 2012). Therefore, Lu et al., 2012 proposed that the main function
of the rat DMN might be the evaluation of the internal and external milieu of the body

by the integration of interoceptive and exteroceptive information.

Rat DMN Monkey DMN Human DMN
6
o 4

© 60

Figure 13: Comparison of the DMN in Rats, Monkeys and Humans.

The rat DMN (left) mainly included (1) the orbital cortex, (2) prelimbic cortex (PrL), (3) cingulate cortex
(Cg1, Cg2), (4) auditory/temporal association cortex (Au1, AuD, AuV, TeA), (5) posterior parietal
cortex (PPC), (6) retrosplenial cortex (corresponding to the human posterior cingulate cortex, PCC)
and (7) the hippocampus (CA1). The monkey DMN (middle) included (2/3) the dorsal medial prefrontal
cortex, (4/5) the lateral temporoparietal cortex, (6) the posterior cingulate/precuneus cortex and (7) the
posterior parahippocampal cortex. The human DMN (right) included (1) the orbital frontal cortex, (2/3)
the medial prefrontal cortex/anterior cingulate cortex, (4) the lateral temporal cortex, (5) the inferior
parietal lobe, (6) the posterior  cingulate/retrosplenial cortex, and (7) the
hippocampus/parahippocampal cortex. Reprinted from Lu et al., 2012, reproduced with permission
from the National Academy of Sciences (PNAS); The monkey DMN (middle) was adapted by Lu et al.,
2012 from (Vincent et al., 2007) and is reproduced with permission from Springer Nature.

1.2.6.2. Other known Resting State Networks

In addition to the DMN, some other resting-state networks have been found to date
(see figure 14). For example, Fox et al., 2005 noted the presence of anticorrelations
(i.e. opposing activity) in the resting state between the default mode network and a
“task-positive network” during the performance of novel, attention-demanding tasks
(Raichle, 2015). This “task-positive network” may be better divided into the dorsal
attention network (DAN; Corbetta and Shulman, 2002; Fox et al., 2006; Vincent et al.,
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2008; Raichle, 2015), the salience network (SLN; Seeley et al.,, 2007; Day et al.,
2013) and the executive control network (ECN; Beckmann et al., 2005; Seeley et al.,
2007; Vincent et al., 2008). However, the literature seems to be not fully consistent
regarding this classification. Besides of differences in analysis methods, this is why

there might be some overlap between the areas involved in those networks.

Furthermore, somatosensory networks like a sensorimotor network, a visual network,
or an auditory network were constantly revealed both in humans (Biswal et al., 1995;
Beckmann et al., 2005; Damoiseaux et al., 2006; De Luca et al., 2006) and in rodents
(Hutchison et al., 2010; Becerra et al., 2011; Jonckers et al., 2011; Lu et al., 2012;
Sierakowiak et al., 2015), even though the extent and overlap between these

networks varies between studies and analysis methods.

A Executive
| Control
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Auditory

Figure 14: Overview of the Main Resting-State Networks.

All these seven brain networks have been revealed by seed correlation techniques. In addition to the
default mode network, other higher order cognitive networks such as the executive control network,
the salience network, or the dorsal attention network have been revealed as well. The somatosensory
networks include a visual network, an auditory network, and a sensorimotor network. Reproduced with
Permission from Raichle, 2011, the publisher for this copyrighted material is MaryAnn Liebert, Inc.
publishers.

1.2.7. Resting-State and Schizophrenia

Several studies reported alterations in the resting-state connectivity in patients
diagnosed with schizophrenia (for review see e.g. Karbasforoushan and Woodward,
2012; Yu et al., 2015; Sheffield and Barch, 2016; Hu et al., 2017).
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Studies investigating the functional connectivity of the DMN in schizophrenic patients
found diverging results, reporting both reduced (hypo-) and increased (hyper-)
connectivity of the DMN, as well as increased connectivity between the DMN and
other non-DMN regions (Greicius, 2008; Broyd et al., 2009; Karbasforoushan and
Woodward, 2012). For example, reduced connectivity between the PCC and the
lateral parietal mPFC, the precuneus and the cerebellum, modulated by symptom
severity, was reported by Bluhm et al., 2007 and further supported by the study of
Garrity et al., 2007. The finding of reduced connectivity between the PCC and the
mPFC was subsequently replicated, and linked to cognitive impairment of
schizophrenic patients (Rotarska-Jagiela et al., 2010; Camchong et al., 2011;
Karbasforoushan and Woodward, 2012). However, the majority of studies were
reporting an increased connectivity of the DMN. For instance, an increased
connectivity between DMN components and the PCC, as well as the mPFC was
reported by Whitfield-Gabrieli et al., 2009. Interestingly, the connectivity between the
DMN and the mPFC was not only increased in schizophrenic patients, but in first-
degree relatives as well (Whitfield-Gabrieli et al., 2009). A number of other studies
replicated this finding of hyper-connectivity of the DMN (Mannell et al., 2010;
Salvador et al., 2010; Skudlarski et al., 2010; Woodward et al., 2011,
Karbasforoushan and Woodward, 2012; Mingoia et al., 2012; Wang et al., 2015).
Furthermore, some studies reported reduced deactivations of the DMN (i.e. hyper-
connectivity) during the performance of different tasks in task-based fMRI (Pomarol-
Clotet et al., 2008; Salgado-Pineda et al., 2011). Additionally, the spatial extend of
the DMN appears to be expanded in schizophrenic patients, exhibiting greater
connectivity with brain regions normally not included in the DMN (Mannell et al.,
2010; Woodward et al., 2011; Karbasforoushan and Woodward, 2012; Mingoia et al.,
2012). This evidence of DMN enlargement and reduced segregation between the
DMN and other resting-state networks may provide indirect support for the
neurodevelopmental hypothesis of schizophrenia, as the etiology of schizophrenia
might disrupt the normal processes of network integration and segregation during

brain development (Karbasforoushan and Woodward, 2012).

Other findings include reduced resting-state connectivity within the PFC, and
between the PFC and other brain regions (PFC dysconnectivity), that might be
related to cognitive impairment (Zhou et al., 2007b, 2007a; Rotarska-Jagiela et al.,
2010; Cole et al., 2011; Woodward et al., 2011; Karbasforoushan and Woodward,
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2012). Additionally, Woodward et al., 2012 found a variable pattern of reduced
connectivity between the PFC and the dorsomedial thalamus, as well as increased
thalamic connectivity with cortical motor and somatosensory areas (Karbasforoushan
and Woodward, 2012; Woodward et al., 2012). Further studies reported reduced
connectivity between the ventral mPFC and the amygdala (Hoptman et al., 2010;
Tian et al., 2011; Karbasforoushan and Woodward, 2012), as well as widespread
reductions in connectivity between cortical regions and the cerebellum (Collin et al.,
2011; Liu et al., 2011a; Karbasforoushan and Woodward, 2012). All these findings
are in favor of the cognitive dysmetria hypothesis by Andreasen et al., 1998, which
posits that schizophrenia is resulting from abnormal functional interactions between
the cortex, sub-cortical structures, and the cerebellum (Wolf et al., 1993; Andreasen
et al., 1998; Karbasforoushan and Woodward, 2012; Sheffield and Barch, 2016). The
disruption of thalamo-cortical networks may actually explain a wide array of clinical
and cognitive disturbances observed in schizophrenic patients (Jones, 1997;
Karbasforoushan and Woodward, 2012), a view which is supported by findings of
reduced prefrontal-thalamic connectivity using both task-based and resting-state
fMRI (Mannell et al., 2010; Skudlarski et al., 2010; Karbasforoushan and Woodward,
2012).

Moreover, several studies reported correlations between the functional
dysconnectivity and both positive and negative symptoms (Karbasforoushan and
Woodward, 2012). For example, hyper-connectivity of the DMN was associated with
worse clinical symptoms (Whitfield-Gabrieli et al., 2009; Woodward et al., 2011), or
reduced connectivity between the left temporoparietal junction (TPJ) and the bilateral
anterior cingulated cortex was associated with more severe auditory-verbal
hallucinations (Vercammen et al., 2010; Wolf, 2011).

Finally, there is some evidence for an altered spectral power (i.e. contribution of
frequencies to the resting-state signal) in schizophrenic patients. For example,
Garrity et al., 2007 reported that most power of the rs-fMRI signal in healthy controls
was within the normal range of 0.01-0.1 Hz (0.067 Hz), whereas most power in
schizophrenic patients was in the higher frequency range of 0.13 Hz. Subsequently,
Mingoia et al., 2013 also reported an altered spectral power of schizophrenic

patients, shifted towards higher frequencies compared to controls.

52



In conclusion, investigations of resting-state connectivity yielded various
abnormalities in schizophrenic patients when compared with healthy controls. Even
though the findings are often in opposite directions, there is nevertheless a clear
evidence for an altered functional connectivity in schizophrenia, which even shows
some potential as a possible biomarker for the clinical diagnosis of schizophrenia
(Shen et al., 2010; Yu et al., 2013; Wang et al., 2015).

However, little is known about the functional connectivity in rodent animal models of
schizophrenia. A thorough search revealed only two studies covering this topic which
were published before 2017 (i.e. before formulating hypotheses for this study). The
first study of Guevara et al.,, 2013 investigated the resting-state connectivity of
Sprague Dawley rats, which received an injection of LPS into the corpus callosum at
postnatal day (PD) 3. This study reported that the seed-based functional connectivity
analysis showed no significant effect of LPS exposure, even though there was a
consistent trend towards increased connectivity in the LPS group for one of their
contrasts (Guevara et al., 2013). Furthermore, the second study of Song et al., 2015
reported an abnormal brain connectivity in a newly developed EGR3 (early growth

response) gene transfected rat model.
1.3. Hypotheses and Aim of Thesis

Due to the lack of studies using resting-state fMRI in MIA models, this thesis aimed at
further investigating resting-state connectivity in rodent models of schizophrenia by

using the LPS model of schizophrenia in rats.

In the following sections, studies on resting-state fMRI and the same behavioral tests
applied in this thesis are shortly reviewed, and hypotheses stated based on the
current available knowledge. Mouse and rat studies are covered for Poly(l:C) and
LPS, with gestational administration times presented in a sequential order within
each block.

1.3.1. Elevated Plus Maze

As the EZM is thought to measure a very similar construct as the EPM (see section

1.1.3.1.1), those studies were included in the following as well.
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Literature search for the EPM task in rodent models of MIA revealed a total of 24
studies (14 mouse, 10 rats) which were published before 2017 (i.e. before
formulating hypotheses for this study; see appendix 6.1.1, tables 25 and 26),

reporting mixed results.

Mouse studies using Poly(l:C) during early gestation (~GD 9) as immunogenic agent
are consistently reporting no differences between MIA offspring and controls in the
EPM task (Meyer et al., 2005; Giovanoli et al., 2013, 2016; Lipina et al., 2013; Li et
al., 2014), while only one study using Poly(I:C) on GD 12 reports reduced open arm
time and entries in adult MIA offspring suggestive of increased anxiety, however, this
effect was only present in males and not in female MIA offspring (Majidi-Zolbanin et
al., 2015).

Mouse studies using LPS as immunogenic agent are reporting mixed results
regarding its influence on EPM measures. Using LPS during early gestation
(GD 9-10) seems to either reduce the time spent in the open arms of the maze in
early adult (PD 56-70) offspring (Depino, 2015) or to increase it (Asiaei et al., 2011;
Solati et al., 2015). However, one may note that the two latter studies used LPS from
Salmonella enterica, whereas nearly all other studies investigating MIA in rodents are
using LPS from Escherichia coli, and the use of LPS from different bacterial strains
may result in different immune responses and thus behavioral outcomes (Erridge et
al., 2002; Fortier et al., 2007). Using LPS during mid-late gestation (GD 15-17), only
one study reports increased time spent in the open arms, and this effect was only
present in adult female mice treated with one of the larger doses (Chlodzinska et al.,
2011). Enayati et al., 2012 reports dose- and timing-dependent anxiety-like effects in
both adolescent (PD 40) and early adult (PD 80) NMRI mice using LPS from
Salmonella enterica. Babri et al., 2014 reports similar effects in the EPM and EZM in
early adult NMRI mice, however in the same study C57BL/6 mice behaved not
differently from controls. Hava et al., 2006 reports reduced open arm times in adult
(PD 240) C57BL/6 mice, whereas another study from the same lab found no
differences from controls during the same age (Golan et al., 2006). However, in the
latter study, longer distances moved and more rearing behavior in the closed arms
was observed in aged (PD 600) MIA offspring, while the open/closed-arm time ratio

still was not different from controls.
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From three rat studies using Poly(l:C) during mid-late gestation (GD 14-18) as
immunogenic agents, one study reports reduced time spent in the open arms in late
adolescent (PD61) offspring (Yee et al., 2011), whereas two studies from another lab

report no differences from controls utilizing the EZM (Vorhees et al., 2012, 2015).

From seven rat studies using LPS as immunogenic agent, after early (GD 9-10.5)
treatment one study reports no effects in adult (PD90) offspring (Kirsten et al., 2010b)
and one study reports reduced time spent in the open arms (Lin et al., 2012). After
LPS during mid-late gestation (GD 15-19), three studies report no differences from
controls (Foley et al., 2014b; Wischhof et al., 2015b; Yin et al., 2015) and one study
reports reduced time in the open arms (Yin et al., 2013). Interestingly, the studies of
Yin et al. 2013 and 2015 are from the same department and methodologically quite
comparable, apart from the fact that they used Wistar rats in their study from 2013
showing an effect on anxiety related behaviors, while they used Sprague Dawley rats
in their study from 2015 where those effects were absent (Yin et al., 2013, 2015).
Finally, (Bakos et al., 2004) found increased entries into both open and closed arms
(i.e. increased locomotor activity) in adult female MIA offspring. Unfortunately, they
do not report the times spent in the open or closed arms, and they also did not look

at male behavior in the EPM.

Taken together, prenatal Poly(l:C) treatment seems to mostly have no effects on
behavior in the EPM, especially in mice, however the impact of prenatal LPS on
anxiety measured by the EPM is still not clear. Because a former study from this
department using the same protocol found no differences in adult LPS offspring
(Wischhof et al., 2015b), it is hypothesized to replicate the absence of effects on
EPM behavior.

Recent studies reporting no differences between MIA and control offspring in mice
(Vuillermot et al., 2017; Morais et al., 2018) or rats (Gray et al., 2019) support the
notion that prenatal Poly(l:C) has no effect on EPM behavior in the offspring. One
may note that (Morais et al., 2018) reported significantly reduced time spent in the
open arms by MIA offspring of Swiss mice, however, this statement is based on post-
hoc analyses which were done after a non-significant ANOVA result, which is why

they here are counted as showing no effect.
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Recent studies on the effect of LPS still remain inconclusive. A mouse study using
LPS on GD 15-17 reports fewer movements between arms in late adolescent-early
adult (PD 63) MIA offspring, indicative of an anxious phenotype, without reporting the
time spent in the open or closed arms (Hsueh et al., 2017), whilst others report that
MIA offspring (PD 60-120) spent increased time in the open arms (Schaafsma et al.,
2017). Another mouse LPS study reports less time spent in the open arms (Wang et
al., 2019), but this study used a transvaginal injection paradigm in order to induce a
maternal vaginal inflammation, compared to intraperitoneal, intravenous or
subcutaneous injection routes used by all other MIA studies. Finally, one rat study

using LPS on GD 14 reports no differences in MIA offspring (Mouihate et al., 2019).
1.3.2. Open Field

As the main motivation for using the open field was to assess symptoms of anxiety,
i.e. to test for difference in center time, only studies looking at the percentage of
center/periphery stay of the animals (i.e. thigmotaxis) were included in the following

short review.

Literature search for such open field tasks in rodent models of MIA revealed a total of
23 studies (13 mouse, 10 rats) which were published before 2017 (i.e. before
formulating hypotheses for this study; see appendix 6.1.2, tables 27 and 28),

reporting mixed results.

From mouse studies using Poly(l:C) during early gestation (GD 9) as immunogenic
agent, (Meyer et al., 2005, 2006b, 2008a) are reporting reduced entries into or time
spent in the center of the open field by adult Poly(l:C) offspring, without changes in
general locomotion. On the other hand, (O'Leary et al., 2014) observed no
differences in the open field task, neither in adolescent nor in adult Poly(l:C)
offspring. (Smith et al., 2007) used Poly(l:C) on GD 12, and found reduced entries
into the center by the Poly(I:C) offspring, accompanied by reductions in overall
locomotion. In the study by (Meyer et al., 2006b), in addition to injecting Poly(l:C) on
GD 9, they also looked at offspring from dams receiving Poly(l:C) on GD 17, which
had no significant effects on the open field behavior of the offspring. Finally, (Ozawa
et al., 2006) injected Poly(l:C) from GD 12-17, and are reporting no differences
between MIA offspring and controls at the adolescent stage (PD 35). However, they

are reporting increased entries into and time spent in the center of the open field by
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the MIA offspring at an early adult age (PD ~66), without differences in general

locomotion.

Using LPS as immunogenic agent on GD 9 in mice, (Depino, 2015) report early adult
MIA offspring have an increased latency to enter the center, and also spent less time
in the center compared to controls, accompanied by a hypolocomotion. Injecting LPS
from GD 8-15, (Wang et al., 2010) report mixed results in adult LPS offspring. They
tested the offspring at four different ages (PD 70, 200, 400 and 600), and while male
LPS offspring showed no differences compared to controls on the first three time
points, female LPS offspring showed less time spent in the center of the open field
accompanied by increased locomotion on PD 200, but not on PD 70 or 400. On
PD 600 however, both male and female LPS offspring showed an increased latency
to cross the first grid of the open field, without significant changes in other
parameters. From five mouse studies using LPS in late gestation (PD 16-17), one
report reduced time spent in the center accompanied by a general decrease in
locomotion in MIA offspring (Al-Amin et al., 2016). (Babri et al., 2014) and (Golan et
al., 2005) found no differences between MIA offspring and controls in open field
behavior. In the study by (Chlodzinska et al., 2011), only offspring of the
300ug/kg LPS group showed statistically significant increases of entries into and time
spent in the center of the open field, accompanied by an overall increased
locomotion. Finally, in the study by (Golan et al., 2006), LPS offspring showed an
increased overall locomotion, as well as a tendency towards increased distance
moved in the center of the open field at PD 600, but not earlier at PD 240.

Two rat studies using Poly(l:C) on mid-late gestation (GD 14 or 14-18), both report no
differences between Poly(l:C) offspring and controls (Vorhees et al., 2012, 2015).

Using LPS as immunogenic agent in rats on GD 10.5, (Lin et al., 2012) found that
male offspring spent reduced time in the center and females showed reduced
locomotion in a large open field. The two rat studies using LPS during mid gestation
(GD 12-13) both report no differences between MIA and control offspring (Poggi et
al., 2005; Foley et al., 2014a). Using LPS in mid-late gestation (GD 15-16) in rats,
(Harvey and Boksa, 2014a) found no treatment effects in adolescent offspring.
However, early adult LPS offspring spent less time in the corners of a large open field
than control offspring (Harvey and Boksa, 2014a). In the study by (Wischhof et al.,

2015b), LPS offspring showed increased rearings accompanied by an increased
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locomotion at both PD 33 and 60. Additionally, LPS offspring spent increased time in
the center of the open field at PD 33, while this parameter was only at trend level at
PD 60 (Wischhof et al., 2015b). The last three studies using LPS in mid-late gestation
found no differences between LPS and control offspring (Foley et al., 2014b;
Wischhof et al., 2015a; Santos-Toscano et al., 2016).

Taken together, one cannot yet make clear statements regarding the impact of
prenatal Poly(l:C) or LPS on the open field behavior in mice or rats. Previous studies
from this department using a similar protocol revealed increased rearings, time in
center and overall increased locomotion at PD 33 and 60, but not at PD 100-120
(Wischhof et al., 2015a, 2015b). Therefore it is hypothesized to replicate this
hyperactive anxiolytic-like phenotype in juvenile and adolescent but not in adult LPS
offspring.

One recent study using a mouse Poly(I:C) model treating dams on either GD 9 or 17
reports decreased time spent in the center of the open field by the Poly(l:C) offspring
of both gestational treatment time points, while the general locomotion was increased
compared to control offspring (da Silveira et al., 2017). Treating dams with Poly(l:C)
on GD 12.5, (Morais et al., 2018) report no differences in open field behavior in adult
offspring. (Ronovsky et al., 2017) used a similar paradigm but tested the F2
generation rather than the direct offspring, and found no differences in open field
behavior. (Carlezon et al., 2019) also found no treatment effects of prenatal Poly(l:C)
alone. They did, however, also apply a two-hit model using a postnatal injection of
LPS in addition to the MIA treatment, and two-hit offspring did show reduced time in
the center of the open field in male mice, as well as reduced locomotion in female
mice (Carlezon et al., 2019). On the other hand, (Dabbah-Assadi et al., 2019) report
increased time in the center of the open field in adult female Poly(l:C) offspring,
regardless of the gestational treatment time point (either GD 12.5 or 17.5), but not in
adult males or adolescent animals of either sex. In contrast to this finding, (Sheu et
al., 2019) report no differences in adolescent animals (PD 42), but a reduction in time
spent in the center of the open field at PD 63 and 84, after treating dams using
Poly(l:C) on GD 17.

A recent study using LPS as immunogenic agent in mice throughout GD 0-16 (four
injections in total), found that early adult (PD 60) LPS offspring shows reduced time
in the center of the open field (Wang et al., 2019). Using LPS in mice on GD 12.5
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(Braun et al., 2019) are reporting that LPS offspring show a lack of decrease in
locomotion (habituation) over the 20 minute open field session. In addition, female
LPS offspring also showed reduced center time during the second half of the test.
Treating mouse dams with LPS on GD 15-17 (Hsueh et al., 2017) found that early
adolescent (PD 35) LPS offspring spent less time in the center of the open field
compared to controls. (Schaafsma et al., 2017) used the same gestational time
points for the LPS injection but investigated the outcome in adult offspring, reporting

no differences between the treatment groups.

A recent rat study using LPS on GD 11 reports increased locomotion in juvenile but
not in adult LPS offspring (Delattre et al., 2017). (Straley et al., 2017) investigated the
effects of prenatal LPS in juvenile, adolescent and early adult rats after injections on
two different gestational time points, and report no differences in LPS offspring from
dams treated on GD 12 in all age groups. LPS offspring from dams treated on GD 16
however, showed reduced locomotion and a trend towards more time spent in the
center on PD 9, increased time spent in the center on PD 30, as well as reduced
locomotion on PD 60 (Straley et al., 2017). Lastly, (Mouihate et al., 2019) reports no

differences in open field behavior after prenatal LPS treatment on GD 15-19.

Therefore, even looking at more recent results, the effects of MIA on general open

field behaviors in mice or rat still remain inconclusive.
1.3.3. Novel Object Recognition

Literature search for (spontaneous) object recognition tests in rodent models of MIA
revealed a total of 18 studies (8 mouse, 10 rats) which were published before 2017
(i.e. before formulating hypotheses for this study; see appendix 6.1.3, tables 29 and
30). Although these studies were using different mouse or rat strains, different types
and doses of immunogenic agents, as well as different gestational time points, the

vast majority report deficits in object recognition tests in MIA offspring.

(Lipina et al., 2013) report only spatial recognition memory deficits but intact object
memory in mice after 5 mg Poly(l:C) administered on GD 9. Furthermore, half the
dose had no significant effects on either memory forms. In contrast, (Li et al., 2014)
report object recognition memory deficits in early adult mice offspring after Poly(l:C)
administered on GD 9.5. Mouse studies using Poly(l:C) on either GD 12.5 or
throughout GD 12-17 report deficits in object recognition memory in early adult MIA
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offspring (Ozawa et al., 2006; Fujita et al., 2016; Han et al., 2016), with the exception
of one study by (lto et al., 2010), which reports enhanced object recognition in late
adolescent/early adult MIA offspring compared to controls. However, the latter study
differed in several ways from other studies, e.g. they excluded MIA litters from the
analysis which did not show PPI deficits compared to controls and they used percent
nose pokes to the objects instead of time interacting with the objects as measure for
calculating the recognition ratio, in addition to using a very short retention interval of
only 5 minutes (Ito et al., 2010). The deficits observed in the described studies often
seem to be present already in juvenile or early adolescent MIA offspring (Fujita et al.,
2016; Han et al., 2016), even though Ozawa et al., 2006 reports deficits only in early

adult and not in adolescent animals.

With regard to mouse studies using LPS as immunogenic agent, (Coyle et al., 2009)
found object recognition memory deficits in adult offspring after MIA on GD 8,
whereas (Golan et al., 2005) report increased novel object recognition performance

compared to controls after MIA on GD 17.

Five rat studies injecting Poly(l:C) on GD 15 all report deficits in object recognition
memory in (early) adult MIA offspring (Wolff et al., 2011; Howland et al., 2012;
Ballendine et al., 2015; Vernon et al., 2015; Luchicchi et al., 2016), with the exception
of (Howland et al., 2012), reporting only deficits in an associative object-in-place test

but not in the classical object recognition memory paradigm.

Using LPS as immunogenic agent during mid-late gestation (GD 14-20), (Graciarena
et al., 2010) show deficits in early adult offspring using a retention interval of 3h, but
not using an retention interval of one minute. (Foley et al., 2014a) found no
differences between adolescent MIA and control offspring using a similarly short
retention interval of two minutes after LPS on GD 12. Using LPS on GD 15-16,
(Harvey and Boksa, 2014a) report no differences as well, in contrast to (Wischhof et
al., 2015b) and (Kentner et al., 2016), with both studies reporting deficits in object

recognition memory in (early) adult MIA offspring.

Taken together, there are clear hints towards impaired object recognition memory in
adult MIA offspring, regardless of the rodent species or type of immunogen used. At

least in Poly(I:C) mouse models, these deficits seem to be present already in juvenile
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animals, whereas studies using rats and/or LPS as immunogenic agent are reporting

mixed results regarding the onset of recognition memory deficits.

Therefore, it was hypothesized that offspring of LPS treated dams in the current
study should show deficits (i.e. an reduction) in object recognition memory as adults
(PD ~90). Since two of the three studies being methodologically most comparable to
this study report no deficits in object memory between PD 43-58 (Foley et al., 2014a;
Harvey and Boksa, 2014a), whereas Wischhof et al., 2015 showed deficits in LPS
offspring on PD 70, it was further hypothesized that these deficits might manifest
earliest at PD ~64, i.e. that juvenile (PD ~30) and adolescent (PD ~42) MIA offspring

would not show any differences in object recognition memory compared to controls.

Recent studies using Poly(I:C) mouse models nearly all report deficits in object
recognition memory in MIA offspring as adults as well (Han et al., 2017; Richetto et
al., 2017; Matsuura et al., 2018; Dabbah-Assadi et al., 2019; Sheu et al., 2019).
However, in the study of Dabbah-Assadi et al., 2019, only adult female Poly(l:C)
offspring showed these impairments. Richetto et al., 2017 investigated the impact of
Poly(l:C) administration on two different gestational time points (GD 9 and 17), and
only offspring from dams treated on GD 17 seemed to develop recognition memory
deficits. Furthermore, one study failed to show object recognition deficits (Morais et
al., 2018). In this study, they report that one-sample t-tests of the discrimination index
against the chance level were not significant for all groups. However, in C57BL/6
control mice, this test nearly reached significance (p=0.066) compared to C57BL/6
Poly(l:C) mice (p=0.748). Considering the quite long retention interval of 24 hours,
this suggests almost intact object memory in control mice, but not in Poly(l:C) mice,
therefore actually showing a hint towards deficits in object recognition memory in MIA

offspring.

Recent studies using rat MIA models also report deficits in object recognition memory
using either Poly(l:C) (Osborne et al., 2017; Gray et al., 2019) or LPS (Simdes et al.,
2018) during mid/late gestation (GD 14-16). (Delattre et al., 2017) are reporting both
object- and object-in-place recognition memory deficits in juvenile offspring after LPS
on GD 11. In their discussion, they also state that the non-spatial memory impairment
persisted until adulthood, however, their results section shows no such deficits in
adult MIA offspring. Finally, one further recent study injecting LPS on GD 15-16
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reports similar object recognition in late adolescent MIA offspring compared to

controls (Swanepoel et al., 2018).
1.3.4. Prepulse Inhibition

Literature search for PPI in rodent models of MIA revealed a total of 54 studies (25
mouse, 29 rats) which were published before 2017 (i.e. before formulating
hypotheses for this study; see appendix 6.1.4, tables 31 and 32). Although these
studies used different mouse or rat strains, different types and doses of immunogenic
agents, as well as different gestational time points, the majority report deficits in PPI
in MIA offspring. This is especially true for the mouse studies, whereas there is more

variation in the results of rat studies.
1.3.4.1. PPI: Mice - Poly(l:C)

Using Poly(l:C) as immunogenic agent during early gestation on GD 9.5 in mice, (Shi
et al., 2003) report deficits in PPl in adolescent (PD~50) MIA offspring, using the
highest of the used doses and using the more intense prepulses. (Makinodan et al.,
2008) also report PPI deficits in late adolescent MIA offspring after early insult, in line
with (Zhu et al., 2014b) and (Gonzalez-Liencres et al., 2016). In the latter study,
Poly(l:C) offspring did not only show less PPI than controls using the higher
prepulses, but also showed prepulse facilitation when the lowest prepulse was used
(Gonzalez-Liencres et al., 2016). Looking at (young) adult offspring, (Meyer et al.,
2005) report deficits after early immune activation by Poly(l:C), using the higher
doses used. Similar results were found by several others (Meyer et al., 2008b,
2008a, 2010; Li et al., 2009; Vuillermot et al., 2011; O’Leary et al., 2014; Weber-
Stadlbauer et al., 2016). One may note that (O’Leary et al., 2014) report PPI deficits
in MIA offspring using the two louder prepulses, however, using the lowest prepulse,
MIA offspring showed statistically significant increases in PPl compared to controls.
(Giovanoli et al., 2016) failed to show PPI deficits in adult Poly(I:C) offspring if MIA
was the only factor. However, they used a relatively low dose compared to most
other studies, and they did show PPI deficits in MIA offspring exposed to a stress

battery during early life (two-hit model).

Some studies investigated the effect of prenatal Poly(l:C) both in adolescent and
adult offspring. (Vuillermot et al., 2010) report no differences in PPl between MIA and
control offspring after Poly(l:C) on GD 9 at early adolescence (PD 35), however,
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these MIA offspring showed deficits in PPl at early adulthood (PD 70). In contrast,
(Giovanoli et al., 2013) report no difference in MIA offspring, neither in adolescence
(PD ~43) nor as adults (PD ~90). However, similar to their later work mentioned
before, they used a relatively low dose compared to others, and they did show PPI
deficits in offspring of a two-hit model of combined MIA and stress. (Lipina et al.,
2013) used two different doses of Poly(l:C), and observed no differences at both
ages using the lower dose. However, using the higher dose, significant PPI
impairments were emerging in adult MIA offspring. Finally, (ERlinger et al., 2016)
report no differences in either age group in male animals, but female Poly(l:C)

offspring showed PPl impairments as adults that could not be observed as juveniles.

Using Poly(l:C) as immunogenic agent during mid gestation on GD 12 in mice, (Smith
et al., 2007) report deficits in PPl in MIA offspring (no age of testing stated).
(Deslauriers et al., 2013) are reporting statistically significant PPI deficits in 36 days
old Poly(I:C) offspring in the text, their figures however show no such difference.
Nevertheless, in the same study, offspring of a two-hit model (Poly(I:C) + restrain
stress) showed deficits in PPI, which was later replicated once more (Deslauriers et
al., 2013, 2014).

Three studies used Poly(I:C) as immunogenic agent in mice during late gestation on
GD 15/16, and all are reporting deficits in adult MIA offspring (Cardon et al., 2010; de
Miranda et al., 2010; Zhang and van Praag, 2015). In contrast, the studies of (Meyer
et al., 2008b) and (Li et al., 2009) did not observe PPI deficits in adult MIA offspring
using Poly(l:C) in mice on GD 17. Two further studies injected Poly(l:C) throughout
mid to late gestation (GD 12-17), and both studies report no effects in juveniles
(PD 28/35), but in adults (PD ~70) (Ozawa et al., 2006; Han et al., 2016).

1.3.4.2. PPI: Mice - LPS

To the best of my knowledge, no study accessible before 2017 investigated the

impact of prenatal LPS on PPI in mice.
1.3.4.3. PPI: Rats — Poly(l:C)

With regard to studies using rats, only one study used Poly(l:C) as immunogenic
agent in early gestation on GD 9, reporting PPI impairments in adult MIA offspring
(Song et al.,, 2011). All other rat studies before 2017 injected Poly(l:C) in mid/late
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gestation, usually on GD 14 or 15. (Wolff and Bilkey, 2008) report a trend towards
statistical significant PPI differences as juveniles (PD 35), which turned into more
robust significant PPl differences as adults. (Ballendine et al., 2015) report the
opposite, i.e. statistical significant differences as juveniles, which turn into only a
trend later as adults, while (Howland et al., 2012) showed statistical significant PPI
impairments in MIA offspring as juveniles and during late adolescence (PD 56). In the
latter study, prepulse facilitation instead of PPl was observed using the 30 ms ISI.
Further, (Wolff and Bilkey, 2010) showed statistical significant PPl impairments in
MIA offspring as juveniles and as adults. Most other studies only investigated the MIA
effects in young adult offspring, with many studies reporting significantly impaired PPI
in Poly(I:C) animals (Cardon et al., 2010; Dickerson et al., 2010; Yee et al., 2011;
Maayan et al., 2012; Mattei et al., 2014; Luchicchi et al., 2016). (Vorhees et al., 2012)
also state significant PPl impairments in adult female (but not male) Poly(l:C)
offspring, although there were no statistically significant effects or interactions
revealed by their initial ANOVA analysis. (Missault et al., 2014) report no differences
in PPl between Poly(l:C) and control offspring, similar to (Van Den Eynde et al.,
2014), who report no differences in PPI neither on PD 56, 90 nor 180. Finally,
(Vorhees et al., 2015) report no impairments in PPl in the sub-group of Poly(l:C)
offspring from dams which showed high weight gain after Poly(I:C) treatment, but a
trend towards increased PPl compared to controls in the sub-group of Poly(l:C)

offspring from dams which showed low weight gain after Poly(l:C) treatment.
1.3.4.4. PPI: Rats - LPS

(Fortier et al., 2007) investigated the effects of both prenatal Poly(I:C) and prenatal
LPS, using different doses and three gestational timings. Early adult offspring of
Poly(l:C) dams did not behave statistically significantly different from control
offspring, regardless of the gestational timing of treatment. Injecting LPS during early
gestation (GD10-11) also had no significant effects on PPI in the offspring, however,
both offspring of LPS dams which received treatment during mid or late gestation
(GD 15-16 / 18-19) showed significantly reduced PPI. In contrast, in the study of
(Waterhouse et al., 2016) which used the same three gestational timings, only
offspring from dams treated during the early gestational window showed significantly
decreased PPI, whereas offspring from both later gestational treatment windows

behaved not different from control offspring. However, one should note that despite
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using the same gestational timings and LPS serotype, several other parameters such

as dose and route of injection differed between both studies.

Using LPS during mid gestation on GD 15-16, (Harvey and Boksa, 2014a) report no
effects on PPI in late adolescent / young adult (PD ~65) LPS offspring if MIA was the
only prenatal insult. However, the study reports additive effects of prenatal LPS and
prenatal iron deficiency on PPI in a two-hit model (Harvey and Boksa, 2014a). Using
the same gestational timing, (Wischhof et al., 2015b) report no differences in PPI in
juvenile and early adolescent LPS offspring, but PPI deficits were observed during
puberty (PD 45) and as adults (PD 90). However, one may note that the PPI deficits
in adult LPS offspring were only observed after an exploratory second test-session
using longer prepulse-pulse intervals which was not planned beforehand, as no
significant differences were observed during that age using the prepulse-pulse
intervals which were also used on the previous time points (Wischhof et al., 2015b).
A second study of this group also reports impaired PPl in adult LPS offspring
(Wischhof et al., 2015a), similar to a study by (Santos-Toscano et al., 2016).

Using LPS during late gestation on GD 18-19, (Fortier et al., 2004a) report no
differences in PPl in LPS offspring compared to control offspring.

Other working groups used far more severe MIA models. Administering LPS every
2" day throughout the whole pregnancy, PPl deficits were observed starting at
PD 35 (no significant deficits on PD 28), persisting throughout adolescence and
adulthood up to an old age (PD 400) (Borrell et al., 2002; Romero et al., 2007, 2010).
Another working group also administered LPS every 2" day throughout pregnancy,
however starting only at GD 7. Using this scheme, no differences between LPS and
control offspring were observed in juvenile offspring (PD 30), but consistent PPI
deficits are reported in adult offspring (Basta-Kaim et al., 2011b, 2011a, 2012, 2015).

Taken together, the majority of studies show that MIA by both Poly(l:C) and LPS
often leads to deficits in PPI in the MIA offspring. One may note however, that these
differences are not always prominent. For example, some studies investigate PPI
using different prepulse-pulse intervals, and in some of them only one or two of the
up to five intervals reach the threshold of statistically significant differences, thus the
PPI deficits seem to depend on the ISI (Ballendine et al., 2015; Wischhof et al.,
2015a; Santos-Toscano et al., 2016). The same can be said regarding studies
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investigating PPI using different prepulse intensities, where only some (usually the
louder) prepulses reach statistical significance between MIA and control offspring
(Shi et al., 2003; Ozawa et al., 2006; Cardon et al., 2010; de Miranda et al., 2010;
Vuillermot et al., 2010; Yee et al.,, 2011; Ballendine et al., 2015; Zhang and van
Praag, 2015; Santos-Toscano et al., 2016; Swanepoel et al., 2018). Also, studies
using different pulse intensities, reveal that the deficits in MIA offspring also depend
on the startle pulse intensity (Li et al., 2009; Vuillermot et al., 2010, 2011; Weber-
Stadlbauer et al., 2016). Further, there are a series of studies showing that the
deficits are not measurable during the juvenile or early adolescent stage, and only
start emerging during or after puberty (Ozawa et al., 2006; Vuillermot et al., 2010;
Basta-Kaim et al., 2011a, 2012; Wischhof et al., 2015b; ERlinger et al., 2016; Han et
al., 2016; Ding et al., 2019). The large variability of MIA experiments in general, with
dependencies on many different factors, might be further influencing variability in the
outcome of MIA on PPI. Finally, apart from very few exceptions, nearly no study is
reporting increased PPI in MIA offspring, compared to controls.

Therefore, it was hypothesized that offspring of LPS treated dams in the current
study should show deficits in PPl emerging during or after puberty, persisting into
adulthood.

Recent studies using Poly(l:C) mouse models add further evidence for PPI deficits in
MIA offspring (Richetto et al., 2017; Luan et al., 2018; Nakamura et al., 2019).
Interestingly, as written before, there seem to be no studies investigating the impact
of prenatal LPS on PPI in mice, even though there are working groups using these
models to assess other symptoms of psychiatric diseases (see previous sections on
NOR, EPM and OF, for example). The only study in recent years seems to be the
one by (Imai et al., 2018), who are reporting no significant differences in PPI between
LPS and control offspring in CD-1 mice. Therefore, one might speculate that before
either no one felt the desire to investigate the impact of LPS on PPI in mice offspring,
or that previous attempts also were “negative” and were therefore never published
due to publication bias (for reviews on the problem of publiation bias, see e.g.
Mlinari¢ et al., 2017 or Nair, 2019).

Recent studies using Poly(l:C) rat models are also mostly reporting PPI deficits
(Meehan et al., 2017; Li et al., 2018; De Felice et al., 2019; Ding et al., 2019; Gogos
et al., 2020), except the studies by (Lins et al., 2018; Gray et al., 2019) which are
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reporting no significant effects on PPI. Looking at LPS rat models, only the study of
(Swanepoel et al., 2018) reports significant deficits in PPI, whereas two further
studies show no differences (Simdes et al., 2018; Capellan et al., 2019).

1.3.5. Resting-State fMRI

The only available study published before 2017 (i.e. before formulating hypotheses
for this study) using postnatal LPS on resting-state functional connectivity based on
rodent models is the study of Guevara et al., 2013, where a trend towards increased
connectivity in the LPS group for one of their contrasts was found.

Furthermore, an unpublished Master thesis from this department analyzing resting-
state fMRI measurements from LPS offspring based on the works of Wischhof et al.,
2015b via ICA and qualitative analysis as well as the dual-regression approach,
found hints for increased connectivity of LPS offspring within a DMN-like component
as well within an interhemispheric anticorrelations component. However, the former
result was attributed at least in part to a vascular origin, while the origin of the latter
components later turned out to be the result of scanner artifacts (Coors, 2015,

unpublished).

Thus, due to the lack of rodent studies on effects of maternal immune activation on
resting-state fMRI, one could only use studies with human schizophrenic patients as
further reference, considering that the maternal immune activation models using LPS
or Poly(l:C) already have shown good construct validity (Meyer and Feldon, 2010;
Reisinger et al., 2015; Haddad et al., 2020b).

Based on the previous findings of human studies, investigating resting-state
connectivity in schizophrenic patients and healthy controls, it was hypothesized that
LPS rats would display an altered resting-state connectivity compared to control rats.
However, due to the bidirectional findings of human studies, it was difficult to further
specify the direction of possible changes, i.e. both hypo-connectivity and hyper-
connectivity would have been possible. Nevertheless, since the majority of studies
reported increased (hyper-) connectivity of the DMN in human patients, and the two
available studies investigating resting-state connectivity in rodent models of
schizophrenia are pointing towards an increased (hyper-) connectivity as well (see
chapter 1.2.7), a potential increased connectivity was considered to be probable in

comparison to reduced (hypo-) connectivity.
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Although only few studies were published on this topic after 2017, the recent studies
investigating resting-state connectivity in the MIA model don’t change the general
hypothesis, as those results are mixed as well. A study of an MIA model using
prenatal IL-6 infusions during whole gestation in Sprague Dawley rats (instead of the
indirect induction of inflammation using Poly(l:C) or LPS) found reduced functional
connectivity in MIA offspring between PD ~22-50 from the left amygdale to left
caudate putamen and ventral pallidum using seed ROl analysis (Mills, 2018).
Furthermore, using Poly(l:C) on GD 15, Missault et al., 2019 have found increased
functional connectivity in the DMN in a subpopulation of MIA offspring on PD ~84 in
Wistar-Han rats using seed ROl analysis. This hyper-connectivity was most
pronounced in the posterior parietal and temporal association cortices, and was only
shown in Poly(l:C) offspring of those mothers who lost weight after Poly(l:C) injection
(Missault et al., 2019). Finally, in a mouse model using Poly(l:C) on GD 12.5, a
reduction of functional connectivity in cortical-limbic connectivity circuits and
enhanced connectivity in the temporal association cortex in MIA offspring was shown
on PD ~84 using seed ROI analysis (Kreitz et al., 2020).
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2. Material & Methods

2.1. Animals and LPS Treatment

Male and female Wistar rats were obtained from Charles River (Sulzfeld, Germany)
at the age of 8-10 weeks, and housed in groups of four in Standard Makrolon (Type
IVV) cages until breeding. All breeding animals were kept at 22 °C temperature and
50-55% humidity under a 12 h dark/light cycle (lights on at 7 a.m.) with ad libitum
access to standard lab chow (Altromin Spezialfutter GmbH & Co. KG, Lage,
Germany) and tap water. Starting at PD ~90, the estrous cycle of the female rats was
controlled routinely as described by (Howland et al., 2012), i.e. vaginal smear
samples were taken by inserting a pipette tip containing 20 pl saline into the vagina
and ejecting and immediately reloading the fluid 2-3 times. The samples were loaded
onto glass slides and viewed under a light microscope for the determination of the
estrous cycle phase using cytological methods (Marcondes et al., 2002; Hubscher et
al., 2005). The animals were bred together when the female rats were in the phase of
estrus. Pregnancy was verified by the existence of sperm in the vaginal smear the
day after breeding, defined as gestational day 0, and pregnant females were housed
individually afterwards. Pregnant females were handled and weighed regularly in
order to reduce the stress of the following injections. On gestational days 15 and 16,
the pregnant rats received intraperitoneal injections of either saline (SAL, 1 ml/kg) or
lipopolysaccharides (LPS, 100, 50 or 20 pg/kg, see further explanations below; from
Escherichia coli 0111:B4, Product Nr. L4391, Batch Nr. 036M4070V, Sigma-Aldrich,
Steinheim, Germany). During the following six hours after the injection, an observer
not blind to treatment attempted to score sickness behaviors of the dams, i.e.
measures of ptosis (droopy eyelids), piloerection (ruffled coat) and lethargy.
However, these observations of sickness behavior were discarded after they were
declared unsuitable for a clear confirmation of sickness behavior due to the observer
not being blind and not using a standardized scale to note the observations. The
weight of the dams was controlled the two following days after injections, and the
change in weight after the first injection (i.e. from GD 15 to 16) was noted as either
weight gain or weight loss (see results, table 2). Finally, dams were left alone without
further disturbance until delivery.
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The study was started using 100 ug/kg LPS, as this dose was used successfully in
previous studies (Wischhof et al., 2015b, 2015a), and the first dam was treated
without undesirable effects using that dose. However, in following dams, this dose led
to abortions, reflected by bloody vaginal discharge in the days following treatment
and finally absence of delivery. In one case it even led to the death of the dam.
Therefore, the dose was initially reduced to 50 pg/kg, and after abortions continued, it
was further reduced to 20 pg/kg, which finally again led to viable offspring (see

results, table 2).

At birth, number and sex of pups of each dam was noted, and the pups were marked
by injecting a small amount of black tattoo ink (Deep Colours! GmbH, Neuburg,
Germany) into the left or right front paw, according to (lwaki et al., 1989). Pups were
then cross-fostered with surrogate mothers and mixed litters contained both LPS-
treated as well as SAL-treated pups. Litters were left undisturbed until weaning at
postnatal day (PD) 21. The offspring were housed in same-sex cages in groups of 5-
6 under comparable conditions as the breeding animals, but in a separate colony
room. Experimental animals had ad libitum access to standard lab chow until they
reached the age of PD 70, when the feeding regime was switched to a restricted diet
of 12 g chow/rat/day, in order to maintain the bodyweights on 85% of those under

free feeding conditions.

In total, 25 SAL-treated control (SAL) and 26 LPS-treated experimental (LPS)
animals stemming from 5 (SAL) and 5 (LPS) litters were used for this study (see
appendix section 6.4.1, table 99), i.e. a number of animals were sampled from the
same litter. From the 26 LPS-treated animals, seven stem from one litter of a dam
treated with 100 ug/kg LPS, whereas the remaining 19 stem from four litters where

dams were each treated with 20 pg/kg LPS.

Additional 10 SAL and 10 LPS animals (see appendix section 6.4.1, table 100) were
euthanized and perfused (see section 2.5) on PD 30 for planned histological

experiments.

All animal care and experiments were performed in compliance with international
guidelines regarding the use of animals in experiments (2010/63/EU) and were
approved by the local ethical committee (Az. 522-27-11/02-00 (111)).
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2.2. Study Design
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Figure 15: Experimental Design

The pregnancy of dams was verified by existence of sperm in the vaginal smear the day after
breeding, defined as gestational day (GD) 0. On GD 15 and 16, dams received injections of either
saline (SAL, 1 ml/kg) or lipopolysaccharides (LPS, 100, 50 or 20 ug/kg). After birth on GD~22, animals
were cross-fostered with surrogate mothers (mixed litters contained both LPS and SAL offspring). At
postnatal day (PD) 21, animals were weaned. A subset of animals was euthanized and perfused for
histological experiments on PD~30. The remaining animals underwent a test-battery consisting of the
elevated plus maze (EPM), open field (OF), novel object recognition (NOR) and prepulse inhibition
(PPI) tests at 4 different developmental stages (juvenile stage on PD~30, puberty on PD~45, late
adolescence on PD~66 and adulthood on PD~94). A subset of each experimental group also
underwent structural and functional resting-state MRI (rs-fMRI) measurements on the days following
the behavioral tests on each of the 4 time blocks. After the last time block, animals were euthanized
and perfused for histological experiments.

Starting from PD 21 (weaning), animals were handled regularly and were weighed
approximately once a week. Animals were tested in a test battery at four different
neurodevelopmental stages, namely PD~30 representing the juvenile stage, PD~45
representing puberty, PD~66 representing late adolescence and PD~94 representing
adulthood (see figure 15). The test battery consisted of the elevated plus maze
(EPM, section 2.3.1) followed by an open field (OF, section 2.3.2) session on day 1 of
each experimental block. On the second day, the animals were first tested in the
novel object recognition (NOR, section 2.3.3) test, followed by a first session of

prepulse inhibition (PPI, section 2.3.4). A second PPI session was conducted at the
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3" day of each block. All 51 animals underwent the behavioral experiments, but only
a subgroup of 10 animals of each experimental group also underwent structural and
functional resting-state MRI measurements on either the 4™ or 5™ day of each
experimental block (section 2.4). Approximately a week after the last experimental
Block (PD~100), the animals were euthanatized and perfused in order to preserve

the brains for histological investigation (section 2.5).

The behavioral test battery was designed in order to supplement the longitudinal
resting-state measurements by confirming the presence of core symptoms of
schizophrenia-like pathology in the LPS offspring. The EPM and OF tests served as a
measure of anxiety-like behaviors, which may be considered a measure of the
negative symptoms of schizophrenia (Winship et al., 2019; Ang et al., 2020), the PPI
test served as a measure of sensorimotor gating, which has often been seen as a
measure of the positive symptoms (Powell et al., 2009; Keil et al., 2016; Ang et al.,
2020), while the NOR test served as a measure of recognition memory,
corresponding to the cognitive impairments seen in schizophrenia (Young et al.,
2009; Rajagopal et al., 2014; Ang et al., 2020).

2.3. Behavioral Experiments

The order in which the animals were tested was pseudo-randomized, but kept
constant over all time points (i.e. an animal tested first on PD ~30 was also the first
animal to test on PD ~94 etc.).
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2.3.1. Elevated Plus Maze

Figure 16: Elevated plus maze

On the first day of each test block, the animals were at first tested for anxiety related
behaviors in the elevated plus maze (EPM). The maze was made of black plastic and
was elevated 76 cm above the floor (see figure 16). It consisted of two open and two
closed arms (76 x 12 cm each, closed arms enclosed with walls of 27 cm height,
open arms outlined by 1 cm wide and 1.5 cm high ledges) crosswise connected by a
central platform (14 x 14 cm) with each equivalent pair of arms positioned opposite to
each other. The maze was indirectly illuminated by a floor lamp resulting in a light
intensity of ~55 Ix on the open and ~30 Ix on the closed arms. The rats were placed
on the central platform facing one of the open arms, and their behavior was recorded
for 5 minutes by a digital camcorder (Everio GZ-HD3, JVCKENWOOD Deutschland
GmbH, Bad Vilbel, Germany) positioned above the maze. The maze was cleaned

with 70% ethanol and thoroughly dried before each animal was tested.

The recordings were analyzed by a blind observer using the software BORIS
(v.2.993; Friard and Gamba, 2016), and the following behaviors were measured: (1)
time spent in the open and closed arms, as well as time spent on the central platform,
(2) entries into the open and closed arms, (3) number of rearings (animals are
standing upright on two paws with the front paws in the air or leaned against a wall)
and (4) number of head dips (risk assessment, defined as peering over the edges of
the open arms). Arm entries were counted when all four paws were placed in the

respective arm.
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Data was prepared as a comma separated file using Excel (2007 v.12, Microsoft
Corporation, Redmond, USA) and imported into R (v.4.1.0, R Core Team, 2021), and
the open/closed-time ratio was calculated [open arm time / closed arm time] for

statistical analysis.

2.3.2. Open Field

Figure 17: Open field box
Shown is one open field box of the Actimot-System produced by TSE

Following the EPM, the animals were placed in the center of infrared-beam operated
open field (OF) boxes (see figure 17) made of plastic (44.7 x 44.7 x 44 cm?, Actimot-
System, TSE, Bad Homburg, Germany) and locomotor activity was recorded for 30
minutes. The open field boxes were indirectly illuminated by a floor lamp resulting in
a light intensity of ~20 Ix in the center of the open field. The open field boxes were
cleaned with 70% ethanol and thoroughly dried between each animal.

This session served as habituation to the environment for the novel object recognition
test in the same open field boxes 24 h later, as well as test for anxiety and motor

related behaviors complementing the EPM experiments.

Parameters analyzed were: (1) Activity (i.e. time spent moving in %), (2) distance
traveled in m, (3) time spent in the center of the open field (%, center defined as 50%

of the area around the mid-point) and (4) number of rearings in 5 min bins.
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Data was prepared as a comma separated file using Excel (2007 v.12, Microsoft
Corporation, Redmond, USA) and imported into R (v.4.1.0, R Core Team, 2021) for

statistical analysis.
2.3.3. Novel Object Recognition

24 h after habituation in the open field session, animals were subjected to a novel
object recognition (NOR) test in order to assess short-term object recognition

memory taking place in the same open field boxes and the same lighting condition.

In total, four different kinds of objects were used, but on each time point only two
different kinds of objects were used. The objects differed in material (metal, glass or
porcelain) and texture (smooth or coarse with ridges, dents or bulges), but were all
roughly the same size (4.5-7 cm height, 5-6 cm diameter, measured at the widest
point). Test objects for PD ~30 and ~66 were a metal eggcup and a glass salt shaker,
whereas objects for PD ~45 and ~94 were a porcelain cup with a lion head bulge and
a miniature beer glass (see figure 18). All objects were tested in preliminary
investigations in order to ensure comparable interaction times of animals with all 4
objects (data not shown). The objects were placed in the left and right rear corners of
the open field, ~4 cm away from the walls (see figure 19), and fixated using
repositionable adhesive dots (Pritt Multi Tack, Henkel AG & Co. KGaA, Dusseldorf,
Germany). All objects and the open field boxes were cleaned with 70% ethanol and

thoroughly dried before and during testing.

Figure 18: Test objects for the novel object recognition test

Test objects for PD ~30 and ~66 were a metal eggcup and a glass salt shaker (left part), whereas
objects for PD ~45 and ~94 were a porcelain cup with a lion head bulge and a miniature beer glass
(right part).
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Figure 19: Placement of objects in the open field boxes

The objects were placed in the left and right rear corners of the open field, ~4 cm away from the walls,
and fixated using repositionable adhesive dots (Pritt Multi Tack, Henkel AG & Co. KGaA, Disseldorf,
Germany).

At first, the animals were placed in the open field with two identical sample objects
(A) for 3 min (sample phase), and afterwards returned to their home cage for an inter-
trial interval of 30 min. Then, the animals were placed in the open field with a familiar
sample object (A’, identical copy of object A presented in the sample phase) on one
side and an unfamiliar test object (B) on the other side for 3 min (test phase). Which
of the two objects of each time point was used as sample and which as test object,
as well as the placement (left or right) of the sample and test object during the test
phase was counterbalanced (pseudo randomized). For each test phase, the animals
were introduced to the box by placing them at the mid-point of the wall opposite to
the objects, with its body parallel to the side walls and its nose pointing away from the

objects.

The test was recorded by a digital camcorder (Everio GZ-HD3, JVCKENWOOD
Deutschland GmbH, Bad Vilbel, Germany) positioned at a slight angle in front of the
open field box. The recordings were analyzed by a blind observer using the software
BORIS (v.2.993; Friard and Gamba, 2016), and the time of the animal exploring each
object (sniffing, licking, and gnawing) during each phase was measured. Sitting
beside or standing on top of the objects with their nose directed away from the object
was not scored as object exploration. A recognition index (RI) was calculated,
expressing the exploration time of the novel object relative to the total exploration

time of both objects during the test phase [recognition index: (B / (A" + B)) x 100].

Data was prepared as a comma separated file using Excel (2007 v.12, Microsoft
Corporation, Redmond, USA) and imported into R (v.4.1.0, R Core Team, 2021) for

statistical analysis.
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In some cases, the adhesive dots used to fixate the objects to the floor mistakenly
protruded from under the object, and the animals gnawed on these adhesive dots. As
this could not be scored as exploration of the object itself, but usually accounted for a
large amount of the total time of the test phase, these cases (10 samples in total)

were excluded from the statistical analysis.
2.3.4. Prepulse Inhibition

On day 2 of each test block and roughly 4 hours after the NOR test, the animals
underwent a first session of the prepulse inhibition test. This first session served as a
habituation session to provide a more stable PPl response on a 2" session which
followed on day 3, 24 h later. Only the data of this 2™ session on day 3 of each test

block was used for statistical analysis.

A startle system with six chambers (35 cm x 35 cm x 35 cm; SR-LAB, San Diego
Instruments, San Diego, CA) was used for performing the prepulse inhibition tests.
The animals were placed inside a transparent horizontal Plexiglas cylinder (9 cm
inner diameter; 16 cm inner length) inside a sound-attenuated, illuminated (~5 Ix) and
ventilated chamber. Motion-sensitive transducers for detecting the startle response
were mounted underneath the cylinders. The output signal of the transducers was
digitized (sampling rate: 1 kHz) and stored on a computer using the SRLab software
(San Diego Instruments, San Diego, USA). Stored responses were expressed in
arbitrary units. White background noise (60 dB SPL), the prepulse (20 ms, 76 dB SPL
white noise pulse, 0 ms rise/fall time) and the acoustic startle stimulus (20 ms, 105
dB SPL white noise pulse) were generated by high-frequency loudspeakers mounted

in the center of the ceiling of the test chambers.

During an acclimatization period of 5 min, only the white background noise was
presented. For taking the effects of short-time habituation into account, the first 10
trials of the test included only the startling stimulus without a preceding prepulse, in
order to approach a stable startle response. Afterwards, 50 trials were performed
consisting of 10 pulse-alone trials, 20 prepulse-pulse trials (10 with the prepulse
preceding the startling pulse by an interstimulus interval (ISI) of 50 ms, 10 with and
ISI of 140 ms), 10 prepulse-alone trials and 10 background-noise-alone trials,

presented in a pseudo-randomized order (avoiding the presentation of each type of
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trial more than twice after another). In the end, 10 pulse-alone trials were presented

again. The average inter-trial interval was 25 s.

Data from the SRLab software was exported as a comma separated file using Excel
(2007 v.12, Microsoft Corporation, Redmond, USA), and the startle responses during
a 100 ms window following the startling stimulus were analyzed using a self-written
Excel script. PPl was calculated according to the following formula: (Startle response
without prepulse — Startle response with prepulse) / (Startle response without
prepulse / 100) = PPI [%]. Afterwards, the data was again saved as comma
separated file and imported into R (v.4.1.0, R Core Team, 2021) for statistical

analysis.

2.4. Resting-State fMRI

2.4.1. Data Acquisition

Data acquisition was carried out in cooperation with Dr. Ekkehard Klstermann.

This study used a combination of initial anesthesia and following transition to
sedation as described in Weber et al., 2006. Animals were initially anesthetized using
4 % isoflurane (CP-Pharma, Burgdorf, Germany) in 0.4 |/min oxygen. Approximately
5 minutes later, the isoflurane was lowered to 1.5% and the animals received a
subcutaneous bolus injection of 1 ml/kg (0.05 mg/kg) medetomidine (Cepetor, CP-
Pharma, Burgdorf, Germany). Afterwards, the animals were transferred to the
scanner and received additional medetomidine boli of 0.34 ml/kg (0.167 mg/kg) every
ten minutes for the duration of the MR Image acquisition, with the exception of some
of the later scans (~PD66: animals 7.2.3 + 7.2.5 + 8.x.x; ~PD94: animals 7.x.x +
8.x.x)., where the administration of medetomidine was changed to a continuous
subcutaneous infusion (0.6 ml/h; 0.01 mg/kg/h) using an infusion pump (AL-1010,
World Precision Instruments Inc, Sarasota, FL). The animals were fixed to the animal
mount in the scanner using a tooth bar, and foam earplugs were inserted for hearing
protection. Respiration was monitored and recorded using a pressure sensitive pad
placed beneath the animal’s chest, connected to an animal monitoring system (CED
1401, Cambridge Electronic Design Limited, Milton, England), a data acquisition
module (Keithley Instruments, Cleveland, OH) and the Spike 2 software (v.5.0,

Cambridge Electronic Design Limited, Milton, England). Rectal body temperature was
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monitored and recorded using an optical temperature probe covered with a stainless
steel capillary (self-made), which was connected to the same animal monitoring
system and software. For comparison and calibration purposes, the rectal
temperature was measured once before and after the data acquisition using a simple
thermometer (Geratherm plus GT-2020, Geratherm Medical AG, Geschwenda,
Germany) as well. In order to keep the body temperature in a physiological range
(~37-38 °C, Gordon, 1990), the animal mount was heated by a liquid temperature
control system (MS Thermostat, LAUDA, Lauda-Koénigshofen, Germany), and the
temperature of the system was manually adjusted if necessary. After fixation of the
animal on the animal mount and before start of the data acquisition, isoflurane was
discontinued. Upon completion of the scanning session, the animals were removed
from the scanner and received a subcutaneous injection of 1 ml/kg (0.1 mg/kg)
atipamezole (Revertor, CP-Pharma, Burgdorf, Germany) in order to reverse the

sedation.

All MR scans were carried out on a Bruker 7 Tesla system (BioSpec 70/20 USR,
Bruker BioSpin, Ettlingen, Germany) operated using the ParaVision 5.1 software
(Bruker BioSpin, Ettlingen, Germany). For excitation, a 72 mm linear-resonator coil
(Bruker BioSpin, Ettlingen, Germany), and for reception a 4-channel-phased-array
coil (Bruker BioSpin, Ettlingen, Germany) were used. Images were exported as
DICOM (Digital Imaging and Communications in Medicine, http://dicom.nema.org/)
files from ParaVision.

Prior to the main imaging protocols, initial overview scans using FLASH (Fast Low-
Angle Shot) sequences were performed in order to check the positioning of the
animals head in the scanner. Following this, shimming (including acquisition of a field
map) was carried out in order to correct magnetic field inhomogeneities introduced by
the rat.

Next, high-resolution anatomical images were acquired using a TurboRARE (Rapid
Acquisition with Relaxation Enhancement) / FLASH 2D sequence (for imaging

parameters, see table 1).

In between the anatomical and the functional scans, 'H nuclear magnetic resonance
(NMR) spectroscopy scans using a PRESS sequence with the volume of interest

located in the prefrontal cortex were carried out as well, in order to indirectly measure
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Glutathione (GSH) in this brain area. However, analysis of this NMR spectroscopy

data is not part of this Thesis.

Afterwards, the functional scans were carried out using EPI sequences with a TE of

18 ms, as this has proven optimal for IC detection in preliminary tests (data for

preliminary tests not shown; for imaging parameters of the final experiments, see

table 1), acquiring a total of 12 minutes of resting-state data from each animal.

Finally, a second set of anatomical images were acquired using a TurboRARE /

FLASH 2D sequence, which had a lower resolution that was more comparable to the

imaging parameters used for the functional scans (for imaging parameters, see table

1), followed by acquisition of a second field map.

Table 1: MR Imaging Parameters

Anatomical Scans

(high-resolution)

Functional Scans

Anatomical Scans

(low-resolution;
comparable to functional scans)

Method TurboRARE Method EPI Method TurboRARE
Slices / Slice
RARE Factor 8 Thickness 17 /1 mm RARE Factor 8
Slices / Slice 55 /0.5 mm Matrix / Field of 96x48 / Slices / Slice 17 /1 mm
Thickness ’ View 30x15 mm Thickness
Matrix / Field| 192x128 / Resolution 312x312 um Matrix / Field| 192x96 /
of View 30x20 mm H of View 30x15 mm
. . 18 ms/ .
Resolution | 117x118 ym TE / Bandwidth Resolution | 156x156 pm
200 kHz
TR/ Flip Angle / | 1.8s/53°/
TR/TE 7s/12ms Number of Images 400 TR/ TE 7s/12ms
Acqg131t/on 3 min 46 sec Acquisition time 12 min Acqg/smon 1 min 25 sec
time time

2.4.2. Preprocessing

DICOM Images were converted to 4D NIfTI (Neuroimaging Informatics Technology

Initiative, http://nifti.nimh.nih.gov/) files using the MRIcron dcm2nii converter (Rorden

et al., 2007; http://www.mccauslandcenter.sc.edu/mricro/mricron/index.html).

All non-brain tissue was manually deleted from the low-resolution anatomical data by

cutting out the brain in Fiji/lmaged (v.1.52n; Schindelin et al., 2012).
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Preprocessing was carried out using a script written by Dr. Ekkehard Kustermann
utilizing mainly sub-routines from the FSL 6.0.4 (FMRIB Software Library, FMRIB,
Oxford, UK; Jenkinson et al., 2012) and ANTs (Advanced Neuroimaging Tools,

v2.3.1; Avants et al., 2011) software packages.

Anatomical and functional volumes were reoriented by using the —orient function from
Convert3D, a command-line tool based on ITK-SNAP (Yushkevich et al., 2006), so
that the voxel coordinate system is represented as “i,j,k = Left, Inferior, Posterior” (i.e.
“orient LIP”).

Since some tools of FSL rely on human brain sizes in order to function properly (i.e.
they become instable when used with voxel sizes in the ym range), the nominal voxel

size of all images was scaled up by a factor of 10.
A mean image of each functional EP| set was calculated using the fsimaths function.

A slice-wise motion correction was carried out on the functional EPI volumes using a
script which utilizes the mcflirt tool of FSL (Kalthoff, 2011; Kalthoff et al., 2011),
followed by regression of motion signals (the whole volume was regressed by all slice
specific motion parameters and their first derivatives).

Next, the functional EPI volumes were corrected for different slice acquisition times

using the slicetimer routine from FSL.

The anatomical volumes were interpolated to match the matrix size of the functional
EPI volumes using the flirt routine from FSL.

All non brain tissue of the functional EPI volumes was masked by applying a mask
derived from the manually cut out low-resolution anatomical data using the fsimaths

routine.

Bias field correction was carried out on the low-resolution anatomical volumes using
the N4BiasFieldCorrection routine from ANTs (Tustison et al., 2010).

The low-resolution anatomical volumes were normalized to a stereotaxic MRI
template by Schwarz et al., 2006, using the antsRegistration routine from ANTSs.
Afterwards, the functional EPI volumes were normalized to the template by applying
the transformation data that were gained in the first step by aligning the low-

resolution anatomical images to the template.
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Spatial smoothing of the functional EP| data was carried out using the fsimaths tool of
FSL with a Gaussian filter with 8 mm full width at half maximum (FWHM)

(corresponding to 0.8 mm for rat brain size).

Afterwards, temporal filtering of the functional EPI was carried out using a high-pass
filter with a cut-off of 0.01 Hz using the fsimaths tool from FSL.

2.4.3. Data Analysis

Group ICA analyses were carried out using the MELODIC 3.15 (Multivariate
Exploratory Linear Optimized Decomposition into Independent Components) tool of
FSL (Beckmann and Smith, 2004).

Initially, the data of all SAL rats from all time points were concatenated in the
temporal domain, and several 2D ICAs were performed on this whole SAL group data
for preliminary investigations, one with automatic dimensionality estimation (resulting

in 373 ICs), and the others with fixed numbers of components (15, 20 or 30 ICs).

Due to the large number of components extracted using automatic dimensionality
estimation, the results of this ICA was not further analyzed. The ICs of all analyses
using a fixed number of components were visually inspected (Kelly et al., 2010;
Griffanti et al., 2017), and the areas involved in each component were identified by
overlaying them on the template brain and comparing those areas with the rat brain
atlas by Paxinos and Watson (Paxinos and Watson, 2006; Schwarz et al., 2006). For
this visual inspection, the ICs were thresholded between z-scores from 3-15. The ICs
were then either assigned to resting-state networks known from the literature, they
were given meaningful names based on the brain areas involved, or they were

classified as noise.

The results from the ICA with a fixed number of 20 components were deemed
optimal for further analysis, and resulted in 7 ICs of interest (see results section
3.2.1).

ICAs on data from single animals were run on a sub-set of the data in order to
perform additional denoising by regression of noise components (using the fs/_regfilt
function) from the data as described by Kelly et al., 2010. However, a group ICA on
the denoised data did not show visual improvements (less ICs classified as noise, or

detected known networks showing less noise or appearing more similar to literature
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results; data not shown), which is why this additional denoising procedure was not

pursued further and was not performed for the final analysis.

The results from the ICA with a fixed number of 20 components using the data of all
SAL rats from all time points was then used as a basis for further (statistical) analysis

as described in section 2.6.2.

The data of one animal (815, LPS group receiving 20 ug/kg LPS) was excluded from
the further analysis, as the resting-state fMRI data from that animal on PD~94 shows
a strong signal drop (see appendix 6.3.1 figure 78) after three quarters of the
measurement, which led to abnormally high z-scores for this animal in the further
analysis steps. As the MRM model used for the statistical comparison (see section
2.6.2) is not able to handle single missing values, the data from all four time points of

this animal were excluded.
2.5. Histology

On PD ~100, animals were deeply anesthetized by intraperitoneal injections of
200 mg/kg pentobarbital (Narcoren®, Merial GmbH, Hallbergmoos, Germany) and
afterwards perfused with 300 ml phosphate-buffered saline (PBS, pH 7.4) followed by
300 ml of 4 % paraformaldehyde (PFA) in 0.1 M PB (pH 7.4). After perfusion, the
brains were extracted and post-fixed in 4 % PFA for 24 h, then transferred into 30%
sucrose solution for 72 h at room temperature, and afterwards stored at 4°C until
further processing (cutting into 40 um thick sections with a cryostat and following
immunohistochemistry targeting Microglia with an Iba-1 antibody staining; However,

analysis of this data is not part of this Thesis).
2.6. Statistics

2.6.1. Behavioral Data

All statistical analyses of the behavioral data were performed within R (v.4.1.0, R
Core Team, 2021).

Univariate distributions of all variables were plotted using the Flexplot package
(v.0.7.7, Fife, 2019) to visually check for incorrectly and improperly coded as well as
missing values (results mostly not shown, except e.g. for open field data in section
3.1.2).
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As multiple animals from each litter of treated dams were included in the analysis,
representing non-independent samples, and each animal was measured repeatedly
on four different times, linear mixed models (LMM) were used for each of the
dependent variables with factor ‘Animal’ nested under ‘Litter’ as random intercepts.
For the novel object recognition test data, random intercepts for ‘Test Object’ were
included additionally. Fixed factors generally included the interaction of the
categorical variable ‘Dose’ (3 levels: 0, 20, 100 ug LPS/kg) with the categorical
variable ‘Age’ (4 levels: PD ~30, ~45, ~66, ~94), as well as the simple effect of the
categorical variable fMRI ‘Scan’ (2 levels: yes, no). For the prepulse inhibition data, a
three-way interaction between ‘Dose’, ‘Age’ and the categorical variable ‘ISI’ (Inter-
stimulus-interval, 2 levels: 50, 140 ms) was constructed (plus simple effect of ‘Scan’).
For the open field test data, a three-way interaction between ‘Dose’, ‘Age’ and the
categorical variable ‘Time Interval’ (6 levels: minutes 1-5, 6-10, 11-15, 16-20, 21-25,
26-30) was constructed (plus simple effect of ‘Scan’). In addition, offspring weights
were compared by adding a fixed effect variable of feeding type (2 levels: ad-libitum
or restrictive diet). All mixed models were constructed using the ImerTest package
(v.3.1-3, Kuznetsova et al., 2017), which is based on the Ime4 package (v.1.1-26,
Bates et al., 2015). Denominator degrees of freedom (df) and thus p values were
obtained using the Satterthwaite's method. The criterion for statistical significance
was set at a = .05. Results with p-values <0.10 were considered as trends for
statistical significance. The following significance codes are used in tables and
figures throughout this thesis: <0.001 ***', <0.01 **, <0.05 *’, <0.1 "’

The model assumptions were assessed using various visual methods and formal
statistical tests of the model residuals. To identify outliers, the conditional (internally)
studentized residuals were plotted against the fitted values using the redres package
(v.0.0.0.9, Katherine J Goode, 2019, https://goodekat.github.io/redres/). All samples
whose residuals exceeded +3 SD from the mean were defined as outliers, and were
thus excluded from the main analysis (Cipra et al., 1990; Lehmann, 2013). If the LMM
calculated after excluding these outliers also showed residuals exceeding +3 SD,
they were again excluded in an iterative manner until all residuals of the calculated
LMM remained within this limit. However, for these cases a sensitivity analysis (see
appendix chapters 6.2.2, 6.2.4, 6.2.6 and 6.2.8) was performed in order to assess the
effect of this exclusion on the outcome of the analysis. In order to assess the
assumption of normality, histograms of the residuals were plotted using the Flexplot
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package (v.0.7.7, Fife, 2019) and visually checked for symmetry. Additionally,
Shapiro Wilk tests of the residuals were calculated using the routine from the stats
package of R (v.4.1.0, R Core Team, 2021). In cases where non normality was
indicated by the Shapiro Wilk test, skewness was calculated using the e1071
package (v.1.7-4, Meyer et al., 2020). Further, to assess the assumption of normality
of random intercepts, histograms and Shapiro Wilk tests of the random intercepts
were made as well. In order to identify potential heteroscedasticity problems, spread-
location plots were generated using the Flexplot package (v.0.7.7, Fife, 2019) and
visually checked for deviations from homoscedasticity. Additionally, Levene’s test

was calculated using the car package (v.3.0-10, Fox and Weisberg, 2019).

Estimated marginal means were extracted from the linear mixed models using the
emmeans package (v.1.5.3, Lenth, 2020). Post hoc multiple comparisons were done
by calculating simple pair-wise t-test contrasts for ‘Dose’ and ‘Age’, also via the
emmeans package. P values were adjusted using the Tukey method, but uncorrected
p values are reported as well. 95% confidence intervals were calculated only without
multiplicity adjustment. In case of the novel object recognition test data, the estimated
marginal means of the recognition indices were also compared against chance level

(RI of 50%) using one-sided t-tests with and without Sidak correction.

In addition, litter size and male:female ratio of dams were compared using the Welch
Two Sample t-test from the stats package of R (v.4.1.0, R Core Team, 2021)
between the 20 pug/kg LPS and SAL group.

Plots of the models were generated using the ggplot2 package (v.3.3.3, Wickham,
2016). The estimated marginal means * their standard error (SEM) were plotted on
top of slightly jittered scatter plots of the raw data. Data from all 3 groups of LPS
doses were plotted next to each other around each age starting with SAL data (LPS
Dose 0) from left to right. The four means of the different ages of each group were
connected by lines.

2.6.2. fMRI Data

In order to compare the rsfMRI data from SAL and LPS groups statistically, the dual
regression approach was used (Beckmann et al., 2009; Filippini et al., 2009; see
section 1.2.4.3). The set of spatial maps from the ICA with 20 ICs using only the SAL
group as input was used to generate subject-specific versions of the spatial maps,
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and associated time courses of all animals on all time points, using the
dual_regression function of FSL. Dummy multi-subject design matrix and contrast

files were set up using the GLM tool of FSL.

The subject specific spatial maps of the 7 ICs of interest generated by the dual
regression approach were compared voxel-wise between the two anesthesia regimes
(animals that received boli of medetomidine every ten minutes during scanning and
those which received a continuous infusion of medetomidine) within the SAL and
LPS groups separately by nonparametric permutation tests with 10000 permutations
using the randomise function of FSL. Design matrix and contrast files for those
comparisons were set up using the GLM tool of FSL. TFCE (Threshold-Free Cluster
Enhancement) was used as correction for the multiple comparisons across voxels
within each component, but no correction for comparison of multiple ICs was applied.
Afterwards, due to the similarity of results of this sub-analysis (see results section

3.2.2), the data from both anesthesia regimes was pooled for the further analysis.

The subject specific spatial maps of the 7 ICs of interest generated by the dual
regression approach were then compared voxel-wise between SAL and LPS groups
using the “Multivariate and repeated measures” (MRM) toolbox (McFarquhar et al.,
2016) run via the SPM12 software package (Statistical Parametric Mapping,
Wellcome Trust Centre for Neuroimaging, London, UK;
http://www fil.ion.ucl.ac.uk/spm/) in MatLab R2018a (MathWorks Inc., Natick, MA).
Contrasts were setup for the fixed effects as well as the interaction of the categorical
variable ‘Dose’ (3 levels: 0, 20, 100 ug LPS/kg) and the categorical variable ‘Age’ (4
levels: PD ~30, ~45, ~66, ~94). Wilks" lambda was selected as multivariate test
statistic, and the p-value calculation was done using the permutation approach
(making use of the randomise algorithm by Winkler et al., 2014) with 10,000
permutations and False Discovery Rate (FDR) as a correction method for the multiple
comparisons across voxels within each component in its own right (but no correction
for comparison of multiple ICs). Comparable to analysis of the behavioral data, the
criterion for statistical significance was set at a = .05, while results with p-values
< 0.10 were considered as trends for statistical significance.

Spatial maps containing each contrasts p-value for every voxel were overlaid onto
the component maps, and thresholded for voxels showing statistical significance
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(p<0.05; shown in figures as green) or a trend towards statistical significance

(p<0.10; shown in figures as bronze).

The FDR approach for correction of multiple comparisons across voxels, and no
applied correction for multiple testing of several ICs was done since especially the
rs-fMRI part of this thesis is a explorative study where type | errors are preferred over

type Il errors (Victor et al., 2010).

Mean values for each group were calculated using the subject specific spatial maps
of the 7 ICs of interest generated by the dual regression approach via the fsimaths
function of FSL. A binary mask of the at trend level statistical significant clusters from
the MRM (thresholded for p values < 0.10) was applied to the mean value maps for
each group via the fsimaths function, and mean values and standard deviation (SD)
within these clusters were calculated via the fsistats function of FSL.

Rs-fMRI results were visualized by creating screenshots of the statistical maps
overlaid on the structural template brain via fslview, and arranging these within GIMP
(GNU Image Manipulation Program, v2.10.4, The GIMP Development Team,
https://www.gimp.org).
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3. Results

In three of four cases, 100 ug/kg LPS resulted in weight loss 24 h after the first
injection (i.e. on GD 16; see table 2). For the two dams treated with 50 pyg/kg LPS,
one gained and one lost weight 24 h after the first injection. In the 20 pg/kg LPS
group, weight gain or loss after the first injection was balanced (1:1 ratio). In the SAL

group, more dams gained weight than lost weight (2:1 ratio).

The higher LPS doses resulted in abnormal littering. In three of four cases, 100 ug/kg
LPS led to abortions, reflected by bloody vaginal discharge in the days following
treatment and finally absence of delivery. In one case it even led to the death of the
dam. For one of the two dams receiving 50 ug/kg LPS, delivery failure was the same
result, while the second dam delivered one female pup. For the 20 ug/kg LPS group,
only one dam failed to deliver, while all SAL dams delivered normally.

Comparing the 20 ug/kg LPS group with the SAL group, the Welch Two Sample t-test
does not show statistical significance neither for litter size (ts01=1.39, p =.202;
20 pg/kg LPS = 7.33+5.09 pups vs. 0 ug/kg = 10.67+£2.94 pups) nor for male:female
ratio (ts47 =-1.63, p=.151; 20 uyg/kg = male:female ratio of 2.02+1.36 vs.
0 ug/lkg LPS = 1.5410.65). The statistical model assumptions of the Welch Two

Sample t-test were met (data not shown).

Regarding offspring weights, the LMM shows significance for the effect of litter
(X?1=9.99, p =.001; data not shown). The estimated marginal means of the model
are shown in figure 20. The analysis shows a statistical significant interaction effect
between LPS dose and age (Fsgsi17.53=5.97, p =.000; see table 3) and a statistical
significant effect of Feeding type (F1617.31=22.89, p =.000; see table 3). However,
as the statistical model assumptions for this LMM were violated (data not shown), no

further post-hoc tests were done, and the data was not interpreted any further.
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Table 2: Experimental dams
In total 16 dams and 4 sires were used for breeding LPS and SAL offspring, i.e. bucks were reused for
multiple pregnancies. Dams 1 and 2 were reused once, i.e. both dams received both treatments in two
consecutive pregnancies, but due to described complications with the LPS dose and following time
constraints the remaining dams were all used only for one pregnancy each. The change in weight of
dams after the first injection (i.e. from GD 15 to 16) was noted either as weight gain or weight loss.
[GD] = gestational day

Dam Buck dL:sSe Weight after .Day of Pups [Il:imale Litter size
[ug/kel treatment Birth [GD] | Male & o [n]
Q1 33 100 Loss 22 5 7 12
Q2 d 4 100 Gain - 0 0 0
Q3 32 100 Loss - 0 0 0
Q5 41 100 Loss - 0 0 0
Q13 32 50 Gain 22 0 1 1
Q14 g1 50 Loss - 0 0 0
Q7 33 20 Loss 22 4 1 5
Q8 32 20 Loss 22 7 4 11
Q11 33 20 Gain 22 7 4 11
Q12 342 20 Gain 21 8 5 13
Q15 33 20 Gain 21 3 1 4
Q16 34 20 Loss - 0 0 0
Q1 33 0 Gain 22 5 7 12
Q2 44 0 Gain 22 6 5 11
Q4 33 0 Loss 22 5 5 10
Q6 32 0 Gain 21 7 3 10
Q9 31 0 Gain 21 10 5 15
Q10 31 0 Loss 22 4 2 6

Table 3: ANOVA table of the LMM of the Offspring Weight data
Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age interaction
term. The Dose:Age interaction (p = .000) as well as the simple effect for Feeding (p = .000) show
statistical significance.

ss MS df num df pen F p
Dose 1255.87 627.93 2 6.47 0.82 481
Age 1779171.56 593057.18 3 617.51 774.56 .000 ***
Feeding 17532.44 17532.44 1 617.31 22.89 .000 ***
Scan 405.69 405.69 1 42.73 0.52 471
Dose:Age 27457.55 4576.25 6 617.53 5.97 .000 ***
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Figure 20: Offspring Weight [g] by Age and LPS dose

Shown are estimated marginal means (x) of the offspring weight extracted from the linear mixed
model + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white circles, 20 ug/kg
LPS as light grey triangles and 100 ug/kg LPS as dark grey squares. Animals were fed ad-libitum until

PD 70 (represented by the first 3 time points), and afterwards fed on a diet of 12 g chow/rat/day
(represented by the last time point on PD ~94).
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3.1. Behavioral Experiments

3.1.1. Elevated Plus Maze

Nine data points from 9 animals were excluded from the EPM analysis for all
dependent variables, as the animals were jumping onto and climbing on top of the
walls of the closed arm of the maze, which often included doing head dips from that
position. When counting the time spent while climbing on the walls as “closed arm
time”, interpreting the “closed arm time” as anxiety related behavior does not make
sense any more. Another option might have been to count the time spent climbing on
the walls as “open arm time”, but instead it was decided to exclude the affected test

sessions completely.
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3.1.1.1. Time in Open Arms
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Figure 21: Time in the open arms of the EPM [s] by Age and LPS dose

Shown are estimated marginal means (x) of the open arm time extracted from the linear mixed models
after outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white
circles, 20 pg/kg LPS as light grey triangles and 100 pg/kg LPS as dark grey squares.

In addition to the 9 data points that were excluded due to the climbing of animals on

the walls of the closed arms, one data point was excluded after outlier analysis.
The statistical model assumptions were met (see appendix 6.2.2.1, figure 59).

The model shows a statistical significance for the effect of litter (X*>1 = 19.01, p = .000;
see appendix 6.2.2.1, table 33).

The estimated marginal means of the model are shown in figure 21 and table 5. The
analysis shows a statistical significant effect of age (F3 13532= 35.97, p =.000) and
scan (F1,4082= 8.81, p = .005; see table 4).

Regarding age differences, the data show a U-shaped pattern, with estimated means
for time on the open arms initially decreasing from PD~33 to PD~45, increasing back

to a comparable value as on the first time point on PD~66, and increasing even
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further on PD~94. This is also shown by the post-hoc multiple comparisons, as in the
control group, there is a statistical significant difference for all contrasts except the
PD~30-66 contrast (p usually <.000; see appendix 6.2.1.1, table 35), and in the
20 ug/kg LPS group, there is a statistical significant difference for all contrasts except
the PD~30-66 and the PD~45-~66 contrasts (p usually <.000; see appendix 6.2.1.1,
table 35). In the 100 pg/kg LPS group, only the PD~45-~66 and PD~45-~94 contrasts
are statistically significant (t13346 =2.33, p=.096 / ti3s49 =3.40, p =.005; see
appendix 6.2.1.1, table 35).

No further post-hoc tests were done for the effect of scan, as this term was only
included in the analysis to account for possible variation between animals that were
scanned in the fMRI or not.

Table 4: ANOVA table of the LMM of the EPM Open Arm Time data after outlier removal

Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df

Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age interaction
term. The simple effects for Age (p = .000) and Scan (p = .005) show statistical significance.

ss MS df num df pen F p
Dose 831.55 415.77 2 7.17 0.70 .529
Age 64378.25 21459.42 3 135.32 35.97 .000 ***
Scan 5254.46 5254.46 1 40.82 8.81 .005 **
Dose:Age 4457.34 742.89 6 135.35 1.25 .287

Table 5: Estimated marginal means of the LMM of the EPM Open Arm Time data after outlier

removal

Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose and Age combination.

LPS dose Age 95% Confidence Interval
Mean SE df
[ug/kgl [PD] Lower CL | UpperCL
0 ~30 85.25 10.61 10.34 61.72 108.79
0 ~45 47.37 10.61 10.34 23.84 70.90
0 ~66 72.39 10.61 10.34 48.85 95.92
0 ~94 114.97 10.79 11.04 91.24 138.70
20 ~30 62.57 12.10 11.05 35.96 89.18
20 ~45 36.25 12.10 11.05 9.64 62.86
20 ~66 53.81 12.10 11.05 27.20 80.42
20 ~94 107.02 12.81 13.82 79.51 134.54
100 ~30 81.80 22.68 8.66 30.20 133.41
100 ~45 62.77 22.68 8.66 11.17 114.37
100 ~66 93.20 22.68 8.66 41.60 144.81
100 ~94 109.33 23.04 9.23 57.40 161.26
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Sensitivity analysis (see appendix section 6.2.2.1) including the outlier value doesn’t
change the interpretation of the results. The greatest changes in estimated marginal
means is seen for the 20 pg/kg LPS group on PD~94 (107.02+12.81 excluding
versus 100.49+12.76 including outliers; see appendix table 47), while most other
means doesn’t change much.

3.1.1.2. Time in Center
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Figure 22: Time in the center of the EPM [s] by Age and LPS dose

Shown are estimated marginal means (x) of the central square time extracted from the linear mixed
models after outlier removal £+ SEM on top of the jittered raw data. SAL data (0 pyg/kg LPS) shown as
white circles, 20 pyg/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

In addition to the 9 data points that were excluded due to the climbing of animals on

the walls of the closed arms, two data points were excluded after outlier analysis.
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The statistical model assumptions were met (see appendix 6.2.1.2, figure 60).

The model shows no effect of litter (X*1=1.21, p=.270; see appendix 6.2.1.2,
table 36).

The estimated marginal means of the model are shown in figure 22 and table 7. The
analysis shows a statistical significant effect for age (F3 137.00=5.81, p =.001), and a
trend towards statistical significance for LPS dose (F2670=4.62, p =.055; see
table 6).

Post-hoc multiple comparisons show at least a trend towards a statistical significant
difference for the 20-100 pg/kg LPS contrast on all time points except on PD ~66
(p =.067; see appendix 6.2.1.2, table 37), with the 100pg/kg LPS group having a
higher estimated mean for the time in the center square than the 20 ug/kg LPS group
on all time points. Regarding the difference between the control group and the
100 pg/kg LPS group, only the contrasts on PD~45 and PD~94 show at least a trend
towards a statistical significant difference (p <.070; see appendix 6.2.1.2, table 37).
There is no statistical significant difference between the control group and the
20 ug/kg LPS group on any time point.

Regarding age differences, the time spent in the center square of the EPM seems to
be higher on PD~66 compared to the other time points, which is shown by the post-
hoc multiple comparisons that show a statistical significant difference for the
PD~30-~66 and PD~45-~66 contrasts in the control and 20 pg/kg LPS groups
(p =.034; see appendix 6.2.1.2, table 38). In the 100 pg/kg LPS group, all age
comparisons are not statistically significant.

Table 6: ANOVA table of the LMM of the EPM Center Square Time data after outlier removal
Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age interaction

term. The simple effect of Age (p = .001) shows statistical significance, while the simple effect for
Dose shows a trend towards statistical significance (p = .055).

ss MS df num df pen F p
Dose 2105.35 1052.67 2 6.70 4.62 .055 .
Age 3971.40 1323.80 3 137.09 5.81 .001 ***
Scan 181.07 181.07 1 45.48 0.79 377
Dose:Age 1078.74 179.79 6 136.78 0.79 .580
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Table 7: Estimated marginal means of the LMM of the EPM Center Square Time data after
outlier removal

Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose and Age combination.

LPS dose Age 95% Confidence Interval
Mean SE df
[ug/kel [PD] Lower CL | UppercCL
0 ~30 57.15 3.99 22.70 48.88 65.41
0 ~45 56.39 4.05 23.85 48.02 64.75
0 ~66 68.89 3.99 22.70 60.63 77.15
0 ~94 64.36 4.17 26.39 55.81 72.92
20 ~30 50.45 4.63 23.15 40.88 60.01
20 ~45 56.85 4.63 23.15 47.28 66.41
20 ~66 71.09 4.63 23.15 61.52 80.65
20 ~94 63.04 5.18 33.54 52.52 73.56
100 ~30 73.52 7.85 14.18 56.70 90.33
100 ~45 82.87 7.85 14.18 66.05 99.69
100 ~66 81.86 8.24 17.07 64.48 99.24
100 ~94 86.33 8.25 17.14 68.94 103.73

Sensitivity analysis (see appendix section 6.2.2.2) including the outlier values doesn’t
change the interpretation of the results. The greatest changes in estimated marginal
means is seen for the 100 pg/kg LPS group on PD~66 (81.86+8.24 excluding versus
92.74+7.81 including outliers; see appendix table 52), while most other means

doesn’t change much.
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3.1.1.3. Head Dips
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Figure 23: Head Dips in the EPM [n] by Age and LPS dose

Shown are estimated marginal means (x) of the head dips extracted from the linear mixed models
after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as white
circles, 20 pg/kg LPS as light grey triangles and 100 pg/kg LPS as dark grey squares.

In addition to the 9 data points that were excluded due to the climbing of animals on

the walls of the closed arms, two data points were excluded after outlier analysis.
The statistical model assumptions were met (see appendix 6.2.1.3, figure 61).

The model shows a statistical significance for the effect of litter (X?1=4.60, p = .032;
see appendix 6.2.1.3, table 39).

The estimated marginal means of the model are shown in figure 23 and table 9. The
analysis shows a statistical significant effect for age (F3 134.35 = 8.53, p =.000), and a
trend towards statistical significance for scan (F1 4388 = 3.87, p = .056; see table 8).

Although the analysis shows a general effect of age, post-hoc multiple comparisons
only show a statistical significant difference for the different age contrast within the
Oug/kg LPS control group (p <.040; see appendix 6.2.1.3, table 41), with the
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exception of the PD~30-~94 contrast. For the 20 pg/kg LPS group, only the
PD~45-~94 contrast shows statistical significance (p =.012; see appendix 6.2.1.3,
table 41). Other than that, all other age contrasts for the two LPS groups are not

reaching statistical significance.

No further post-hoc tests were done for the effect of scan, as this term was only
included in the analysis to account for possible variation between animals that were

or were not scanned in the fMRI.

Table 8: ANOVA table of the LMM of the EPM Head Dips data after outlier removal

Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age interaction
term. The simple effect of Age (p = .000) shows statistical significance, while the simple effect for Scan
shows a trend towards statistical significance (p = .056).

ss MS df num df pen F p
Dose 64.49 32.25 2 7.14 2.40 .160
Age 344.01 114.67 3 134.35 8.53 .000 ***
Scan 52.00 52.00 1 43.88 3.87 .056
Dose:Age 122.55 20.43 6 134.36 1.52 176

Table 9: Estimated marginal means of the LMM of the EPM Head Dips data after outlier removal
Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose and Age combination.

LPS dose Age 95% Confidence Interval
Mean SE df
[ug/kgl [PD] LowerCL | UpperCL
0 ~30 15.91 1.40 12.27 12.86 18.95
0 ~45 10.55 1.40 12.27 7.50 13.59
0 ~66 13.04 1.42 12.97 9.97 16.12
0 ~94 16.44 1.43 13.37 13.35 19.52
20 ~30 11.02 1.62 13.19 7.53 14.52
20 ~45 8.81 1.62 13.19 5.32 12.31
20 ~66 10.50 1.62 13.19 7.00 13.99
20 ~94 12.90 1.72 16.57 9.26 16.54
100 ~30 15.87 2.88 8.91 9.35 22.40
100 ~45 14.73 2.88 8.91 8.20 21.26
100 ~66 18.16 2.88 8.91 11.63 24.69
100 ~94 17.75 2.95 9.79 11.16 24.34

Sensitivity analysis (see appendix section 6.2.2.3) including the outlier values doesn’t
change the interpretation of the results. However, the trend towards statistical
significance for the effect of scan turns into statistical significance (F143.74=4.89,
p = .032; see appendix 6.2.2.3, table 55).
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All estimated marginal means don’t change much (see appendix 6.2.2.3, table 57).

3.1.1.4. Rearings
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Figure 24: Rearings in the EPM [n] by Age and LPS dose

Shown are estimated marginal means (x) of the rearings extracted from the linear mixed models after
outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white circles,
20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

In addition to the 9 data points that were excluded due to the climbing of animals on

the walls of the closed arms, two data points were excluded after outlier analysis.
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The statistical model assumptions were met (see appendix 6.2.1.4, figure 62).

The model shows a statistical significance for the effect of litter (X21=6.70, p = .010;
see appendix 6.2.1.4, table 42).

The estimated marginal means of the model are shown in figure 24 and table 11. The
analysis shows a statistical significant interaction effect between LPS dose and age
(F67134_23= 2.50, p= .025; see table 10)

Post-hoc multiple comparisons show a trend towards statistical significant difference
for the 20-100 pg/kg LPS contrast on PD ~45 (tgps=-2.55, p=.072; see
appendix 6.2.1.4, table 43), with the 100 ug/kg group having a higher estimated
mean for the number of rearings than the 20 ug/kg LPS group (LPS-100 = 30.58 vs.
LPS-20 = 18.19).

Regarding age differences, the PD~30-~66, PD~30-~94 as well as PD~45-~66 show
a statistical significant difference for the SAL and the 20 ug/kg LPS group (p mostly
<.000, see appendix 6.2.1.4, table 44), with estimated means increasing with age
from PD~30 until PD~60, but dropping a bit lower on PD~94. For the SAL group, this
drop, i.e. the PD~66-~94 contrast shows statistical significance as well (t134.35 = 2.38,
p = .087, see appendix 6.2.1.4, table 44). However, for the 100 pug/kg LPS group, the
contrasts between the PD~30 and all other time points show a statistical significant
difference (p <.005, see appendix 6.2.1.4, table 44), but not between the other time
points, i.e. the estimated means increase from PD~30 to PD~45, but then stay on the

same level.

Table 10: ANOVA table of the LMM of the EPM Rearings data after outlier removal

Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age interaction
term. The Dose:Age interaction shows statistical significance (p = .025).

X MS df num df pen F p
Dose 62.56 31.28 2 6.46 1.04 407
Age 1740.60 580.20 3 134.20 19.23 .000 ***
Scan 69.99 69.99 1 41.50 2.32 .135
Dose:Age 452.28 75.38 6 134.23 2.50 .025 *

100




Table 11: Estimated marginal means of the LMM of the EPM Rearings data after outlier removal
Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose and Age combination.

LPS dose Age 95% Confidence Interval
Mean SE df
[ug/kgl [PD] LowerCL | UpperCL
0 ~30 18.76 2.03 11.10 14.29 23.22
0 ~45 19.87 2.05 11.45 15.39 24.36
0 ~66 27.28 2.03 11.10 22.81 31.74
0 ~94 23.43 2.08 12.14 18.91 27.96
20 ~30 16.73 2.34 12.01 11.64 21.83
20 ~45 18.19 2.36 12.49 13.06 23.31
20 ~66 25.52 2.34 12.01 20.43 30.62
20 ~94 21.96 2.49 15.30 16.66 27.26
100 ~30 18.44 4.24 8.45 8.75 28.12
100 ~45 30.58 4.24 8.45 20.90 40.26
100 ~66 28.44 4.24 8.45 18.75 38.12
100 ~94 30.10 4.34 9.28 20.33 39.87

Sensitivity analysis (see appendix section 6.2.2.4) including the outlier values doesn’t
change the main interpretation of the results. However, the effect of scan is showing
a trend towards statistical significance that was not present without the outliers
(F1,42.05=2.99, p = .091; see appendix 6.2.2.4, table 60).

Furthermore, the trend towards statistical significant difference for the 20-100 ug/kg
LPS contrast on PD ~45 is turning into statistical significance, and the 0-100 ug/kg
LPS contrast on PD ~45 is showing a trend towards a statistical significant difference
as well (see appendix 6.2.2.4, table 63).

All estimated marginal means don’t change much (see appendix 6.2.2.4, table 62).
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3.1.2. Open Field

3.1.2.1. Distance

PD ~30

80

60
— 0 LPS dose
% § [Hg/kg]
% 40- 0
@ 20
o 100

20+

0-5 510 10-15 1520 2025 25-30
Timeblock [min]

Figure 25: Distance travelled in the OF [m] on PD ~30 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the distance travelled extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

23 data points were excluded after outlier analysis.

The statistical model assumptions were violated, independently from inclusion or
exclusion of outliers (see appendix 6.2.3.1 and 6.2.4.1, figures 67 and 70). The data
show non-normality and heteroscedasticity. Therefore, no further post-hoc tests were

done, and the data was not interpreted any further.

Looking at the univariate distribution plots for Distance travelled in the OF grouped
within LPS dose, age and timeblock, the plots clearly indicate the raw-data is not-

normally distributed and showing excessive zeroes / zero-inflation (see figure 29).
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Figure 26: Distance travelled in the OF [m] on PD ~45 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the distance travelled extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.
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Figure 27: Distance travelled in the OF [m] on PD ~66 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the distance travelled extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.
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Figure 28: Distance travelled in the OF [m] on PD ~94 by Timeblock and LPS dose
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Shown are estimated marginal means (x) of the distance travelled extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as

white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

Table 12: ANOVA table of the LMM of the OF Distance data after outlier removal
Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age,

Dose:Timeblock, Age:Timeblock and Dose:Age:Timeblock interaction terms.

The Dose:Age,

Dose:Timeblock and Age:Timeblock interactions show statistical significance (p =.013/.002 /.000).

X MS df wum df pen F p
Dose 47.76 23.88 2 5.33 0.27 .775
Age 3699.34 1233.11 3 1078.87 13.79 .000 ***
Timeblock 126535.63 25307.13 5 1078.73 283.08 .000 ***
Scan 0.17 0.17 1 44.26 0.00 .965
Dose:Age 1454.81 242.47 6 1078.90 2.71 .013 *
Dose:Timeblock 2473.72 247.37 10 1078.75 2.77 .002 **
Age:Timeblock 5407.56 360.50 15 1078.72 4.03 .000 ***
Dose:Age:TimeBlock| 2436.04 81.20 30 1078.73 0.91 .610
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Table 13: Estimated marginal means of the LMM of the Distance data after outlier removal
Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose, Age and Timeblock combination. — Table is continued on the
next page.

LPS dose Age Timeblock 95% Confidence Interval
. Mean SE df
[ug/kg] [PD] [min] Lower CL Upper CL
0 ~30 0-5 42.52 2.19 128.16 38.19 46.84
0 ~45 0-5 25.48 2.19 127.47 21.15 29.80
0 ~66 0-5 43.26 2.11 113.04 39.08 47.44
0 ~94 0-5 40.75 2.11 113.04 36.57 44.93
20 ~30 0-5 43.58 2.48 122.41 38.66 48.50
20 ~45 0-5 35.85 2.55 133.96 30.81 40.88
20 ~66 0-5 43.64 2.43 112.20 38.83 48.46
20 ~94 0-5 49.63 2.54 134.28 44.60 54.67
100 ~30 0-5 39.25 4.05 64.51 31.16 47.34
100 ~45 0-5 28.24 4.31 81.96 19.66 36.82
100 ~66 0-5 45.29 4.05 64.51 37.20 53.38
100 ~94 0-5 41.96 4.31 81.90 33.38 50.54
0 ~30 5-10 22.74 2.11 113.04 18.56 26.92
0 ~45 5-10 22.96 2.11 113.04 18.78 27.14
0 ~66 5-10 28.85 2.15 120.03 24.60 33.10
0 ~94 5-10 23.62 2.11 113.04 19.44 27.80
20 ~30 5-10 23.55 2.43 112.20 18.74 28.36
20 ~45 5-10 23.58 2.48 122.41 18.66 28.50
20 ~66 5-10 20.04 2.49 122.24 15.12 24.96
20 ~94 5-10 16.66 2.43 112.20 11.84 21.47
100 ~30 5-10 21.66 4.05 64.51 13.57 29.75
100 ~45 5-10 26.73 4.05 64.51 18.64 34.82
100 ~66 5-10 28.15 4.05 64.51 20.06 36.24
100 ~94 5-10 22.39 4.05 64.51 14.30 30.48
0 ~30 10-15 13.41 2.11 113.04 9.23 17.59
0 ~45 10-15 13.72 2.11 113.04 9.54 17.90
0 ~66 10-15 21.03 2.15 120.03 16.78 25.28
0 ~94 10-15 13.12 2.15 120.62 8.87 17.36
20 ~30 10-15 10.67 2.43 112.20 5.86 15.49
20 ~45 10-15 19.44 2.43 112.20 14.63 24.26
20 ~66 10-15 16.43 2.48 122.34 11.52 21.35
20 ~94 10-15 12.61 2.43 112.20 7.80 17.43
100 ~30 10-15 16.28 4.05 64.51 8.19 24.36
100 ~45 10-15 9.79 4.05 64.51 1.70 17.88
100 ~66 10-15 16.08 4.05 64.51 7.99 24.16
100 ~94 10-15 16.63 4.05 64.51 8.54 24.72
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Continuation of Table 13:

0 ~30 15-20 6.08 2.11 113.04 1.90 10.26
0 ~45 15-20 9.09 2.11 113.04 4.91 13.27
0 ~66 15-20 15.28 2.11 113.04 11.10 19.46
0 ~94 15-20 16.20 2.15 119.86 11.96 20.45
20 ~30 15-20 5.40 2.43 112.20 0.59 10.22
20 ~45 15-20 8.11 2.48 122.41 3.19 13.03
20 ~66 15-20 12.39 2.43 112.20 7.57 17.20
20 ~94 15-20 8.09 2.49 120.41 3.17 13.01
100 ~30 15-20 6.72 4.05 64.51 -1.37 14.81
100 ~45 15-20 8.26 4.05 64.51 0.17 16.35
100 ~66 15-20 8.93 4.05 64.51 0.84 17.02
100 ~94 15-20 11.22 4.05 64.51 3.13 19.31
0 ~30 20-25 4.50 2.11 113.04 0.32 8.68
0 ~45 20-25 5.37 2.11 113.04 1.19 9.55
0 ~66 20-25 10.07 2.11 113.04 5.89 14.25
0 ~94 20-25 14.18 2.15 119.87 9.93 18.43
20 ~30 20-25 4.10 2.43 112.20 -0.71 8.92
20 ~45 20-25 5.93 2.49 120.37 1.01 10.85
20 ~66 20-25 5.92 2.43 112.20 1.11 10.74
20 ~94 20-25 13.25 2.43 112.20 8.44 18.06
100 ~30 20-25 4.39 4.05 64.51 -3.70 12.48
100 ~45 20-25 2.35 4.05 64.51 -5.74 10.44
100 ~66 20-25 4.50 4.05 64.51 -3.59 12.59
100 ~94 20-25 7.10 4.05 64.51 -0.99 15.19
0 ~30 25-30 4.87 2.11 113.04 0.69 9.05
0 ~45 25-30 2.72 2.15 120.77 -1.52 6.97
0 ~66 25-30 7.74 2.11 113.04 3.56 11.92
0 ~94 25-30 9.04 2.11 113.04 4.86 13.22
20 ~30 25-30 5.65 2.43 112.20 0.84 10.46
20 ~45 25-30 3.27 2.49 120.37 -1.65 8.20
20 ~66 25-30 4.34 2.43 112.20 -0.47 9.16
20 ~94 25-30 11.01 2.48 122.34 6.09 15.93
100 ~30 25-30 0.46 4.31 81.96 -8.12 9.04
100 ~45 25-30 0.79 4.05 64.51 -7.30 8.88
100 ~66 25-30 3.23 4.05 64.51 -4.86 11.32
100 ~94 25-30 7.26 4.05 64.51 -0.83 15.35
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Figure 29: Univariate Plots for Distance travelled in the OF [m]

Shown are univariate plots plots for Distance travelled in the OF [m], a) split by LPS dose — here
labeled as “facdose 0 — 100” with facdose 0 representing the SAL group and facdose 100 representing
the 100 ug/kg LPS group, b) split by age — here labeled as “time 1-4” with time 1 representing PD~30
and time 4 representing PD~94 and c) split by timeblock — here labeled “1 — 6” with 1 representing the
0-5 min timeblock and 6 representing the 25-30 min timeblock. Most plots indicate non-normal

distributed, zero-inflated data.
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3.1.2.2. Center Time
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Figure 30: Time in the center of the OF [s] on PD ~30 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the central square time extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

138 data points were excluded after outlier analysis.

The statistical model assumptions were violated, independently from inclusion or
exclusion of outliers (see appendix 6.2.3.2 and 6.2.4.2, figures 68 and 71). The data
show non-normality and heteroscedasticity. Therefore, no further post-hoc tests were

done, and the data was not interpreted any further.

Looking at the univariate distribution plots for Time in Center of the OF grouped
within LPS dose, age and timeblock, the plots clearly indicate the raw-data is not-
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normally distributed and showing excessive zeroes / zero-inflation (see figure 34).
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Figure 31: Time in the center of the OF [s] on PD ~45 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the central square time extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.
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Figure 32: Time in the center of the OF [s] on PD ~66 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the central square time extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.
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Figure 33: Time in the center of the OF [s] on PD ~94 by Timeblock and LPS dose

Shown are estimated marginal means (x) of the central square time extracted from the linear mixed
models after outlier removal £ SEM on top of the jittered raw data. SAL data (0 pg/kg LPS) shown as
white circles, 20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

Table 14: ANOVA table of the LMM of the OF Center Square Time data after outlier removal
Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age,

Dose:Timeblock, Age:Timeblock and Dose:Age:Timeblock interaction terms. The
Dose:Age:Timeblock interaction shows statistical significance (p = .000).

Ss MS df num df pen F p
Dose 9.34 4.67 2 5.02 0.47 .651
Age 549.47 183.16 3 964.31 18.33 .000 ***
Timeblock 5526.44 1105.29 5 963.03 110.59 .000 ***
Scan 0.92 0.92 1 43.33 0.09 .763
Dose:Age 270.26 45.04 6 964.55 4.51 .000 ***
Dose:Timeblock 56.57 5.66 10 962.99 0.57 .842
Age:Timeblock 1667.45 111.16 15 963.19 11.12 .000 ***
Dose:Age:TimeBlock 661.89 22.06 30 963.17 2.21 .000 ***
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Table 15: Estimated marginal means of the LMM of the OF Center Square Time data after outlier

removal

Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose, Age and Timeblock combination. — Table is continued on the

next page.
LPS dose Age Timeblock 95% Confidence Interval
. Mean SE df
[ug/kgl [PD] [min] Lower CL Upper CL
0 ~30 0-5 12.99 0.82 269.94 11.39 14.60
0 ~45 0-5 5.17 0.76 214.50 3.67 6.66
0 ~66 0-5 9.20 0.72 186.12 71.77 10.63
0 ~94 0-5 7.23 0.76 217.77 5.74 8.72
20 ~30 0-5 10.25 0.88 218.15 8.53 11.98
20 ~45 0-5 5.41 0.81 165.17 3.81 7.00
20 ~66 0-5 6.72 0.85 201.02 5.04 8.40
20 ~94 0-5 8.54 0.88 205.26 6.81 10.26
100 ~30 0-5 21.21 1.52 150.84 18.22 24.21
100 ~45 0-5 4.66 1.40 113.22 1.88 7.43
100 ~66 0-5 4.08 1.52 150.93 1.08 7.08
100 ~94 0-5 3.69 1.52 150.91 0.69 6.69
0 ~30 5-10 6.01 0.74 199.04 4.55 7.47
0 ~45 5-10 4.75 0.69 154.41 3.39 6.10
0 ~66 5-10 5.36 0.70 164.14 3.98 6.73
0 ~94 5-10 3.23 0.77 230.78 1.70 4.76
20 ~30 5-10 5.63 0.85 189.37 3.95 7.31
20 ~45 5-10 6.26 0.81 165.85 4.67 7.85
20 ~66 5-10 4.11 0.83 181.98 2.48 5.74
20 ~94 5-10 1.34 0.85 196.00 -0.34 3.02
100 ~30 5-10 6.44 1.31 88.52 3.83 9.04
100 ~45 5-10 4.00 1.40 113.21 1.22 6.77
100 ~66 5-10 4.59 1.40 113.18 1.81 7.36
100 ~94 5-10 1.72 131 88.52 -0.88 4.32
0 ~30 10-15 3.22 0.77 230.13 1.69 4.74
0 ~45 10-15 2.24 0.71 174.70 0.84 3.64
0 ~66 10-15 4.65 0.76 216.64 3.15 6.14
0 ~94 10-15 1.74 0.74 199.99 0.28 3.20
20 ~30 10-15 1.24 0.85 184.67 -0.44 2.92
20 ~45 10-15 2.31 0.85 200.83 0.64 3.99
20 ~66 10-15 3.16 0.93 278.28 1.32 4.99
20 ~94 10-15 1.51 0.81 165.66 -0.09 3.10
100 ~30 10-15 4.72 1.31 88.52 2.12 7.32
100 ~45 10-15 1.01 1.31 88.52 -1.59 3.61
100 ~66 10-15 3.01 1.31 88.52 0.41 5.61
100 ~94 10-15 2.67 1.40 113.30 -0.10 5.45
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Continuation of Table 15:

0 ~30 15-20 0.83 0.69 154.41 -0.53 2.18
0 ~45 15-20 0.89 0.70 164.41 -0.48 2.27
0 ~66 15-20 2.13 0.74 200.71 0.67 3.59
0 ~94 15-20 3.26 0.74 202.31 1.80 4.71
20 ~30 15-20 1.05 0.79 151.15 -0.51 2.61
20 ~45 15-20 1.45 0.81 165.66 -0.14 3.05
20 ~66 15-20 2.69 0.83 182.40 1.06 4.33
20 ~94 15-20 1.03 0.81 161.30 -0.56 2.63
100 ~30 15-20 1.44 1.31 88.52 -1.17 4.04
100 ~45 15-20 0.01 1.31 88.52 -2.59 2.61
100 ~66 15-20 0.33 1.52 150.86 -2.67 3.32
100 ~94 15-20 1.86 1.31 88.52 -0.74 4.47
0 ~30 20-25 0.53 0.70 163.62 -0.85 1.91
0 ~45 20-25 0.03 0.73 185.66 -1.40 1.46
0 ~66 20-25 1.73 0.71 175.19 0.33 3.13
0 ~94 20-25 1.24 0.77 234.42 -0.28 2.77
20 ~30 20-25 0.84 0.79 151.15 -0.72 2.40
20 ~45 20-25 0.56 0.83 177.62 -1.08 2.19
20 ~66 20-25 0.67 0.81 161.38 -0.92 2.27
20 ~94 20-25 0.46 0.88 222.86 -1.26 2.19
100 ~30 20-25 -0.16 1.40 113.30 -2.93 2.61
100 ~45 20-25 0.01 1.31 88.52 -2.59 2.61
100 ~66 20-25 1.15 1.31 88.52 -1.45 3.75
100 ~94 20-25 1.58 1.31 88.52 -1.02 4.18
0 ~30 25-30 0.17 0.71 174.64 -1.23 1.58
0 ~45 25-30 0.19 0.70 165.24 -1.18 1.57
0 ~66 25-30 0.57 0.70 165.19 -0.80 1.95
0 ~94 25-30 0.45 0.71 174.13 -0.95 1.85
20 ~30 25-30 1.00 0.79 151.15 -0.56 2.56
20 ~45 25-30 0.54 0.81 161.40 -1.06 2.13
20 ~66 25-30 0.26 0.81 165.85 -1.33 1.85
20 ~94 25-30 0.79 0.90 241.94 -0.99 2.57
100 ~30 25-30 -0.16 1.40 113.30 -2.93 2.61
100 ~45 25-30 0.01 1.31 88.52 -2.59 2.61
100 ~66 25-30 0.33 1.40 113.21 -2.44 3.10
100 ~94 25-30 0.67 1.40 113.30 -2.10 3.45
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Figure 34: Univariate Plots for Time in the center of the OF [s]

Shown are univariate plots plots for Time in the center of the OF [s], a) split by LPS dose — here
labeled as “facdose 0 — 100” with facdose 0 representing the SAL group and facdose 100 representing
the 100 ug/kg LPS group, b) split by age — here labeled as “time 1-4” with time 1 representing PD~30
and time 4 representing PD~94 and c) split by timeblock — here labeled “1 — 6” with 1 representing the
0-5 min timeblock and 6 representing the 25-30 min timeblock. All plots indicate non-normal
distributed, zero-inflated data.
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3.1.2.3. Rearings
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Figure 35: Rearings in the OF [n] on PD ~30 by Timeblock and LPS dose
Shown are estimated marginal means (x) of rearings extracted from the linear mixed models after
outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white circles,
20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

43 data points were excluded after outlier analysis.

The statistical model assumptions were violated, independently from inclusion or
exclusion of outliers (see appendix 6.2.3.3 and 6.2.4.3, figures 69 and 72). The data
show non-normality and heteroscedasticity. Therefore, no further post-hoc tests were

done, and the data was not interpreted any further.

Looking at the univariate distribution plots for Rearings in the OF grouped within LPS
dose, age and timeblock, the plots clearly indicate the raw-data is not-normally

distributed and showing excessive zeroes / zero-inflation (see figure 39).
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Figure 36: Rearings in the OF [n] on PD ~45 by Timeblock and LPS dose

Shown are estimated marginal means (x) of rearings extracted from the linear mixed models after
outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white circles,
20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.
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Figure 37: Rearings in the OF [n] on PD ~66 by Timeblock and LPS dose

Shown are estimated marginal means (x) of rearings extracted from the linear mixed models after
outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white circles,
20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.
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Figure 38: Rearings in the OF [n] on PD ~94 by Timeblock and LPS dose
Shown are estimated marginal means (x) of rearings extracted from the linear mixed models after
outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white circles,
20 ug/kg LPS as light grey triangles and 100 ug/kg LPS as dark grey squares.

Table 16: ANOVA table of the LMM of the OF Rearings data after outlier removal

Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age,
Dose:Timeblock, Age:Timeblock and Dose:Age:Timeblock interaction terms. The Dose:Age,
Dose:Timeblock and Age:Timeblock interactions show statistical significance (p =.001 /.006 /.005).

X MS df num df pen F p
Dose 74.97 37.49 2 2.65 0.70 .569
Age 5885.22 1961.74 3 1059.04 36.73 .000 ***
Timeblock 49529.92 9905.98 5 1058.69 185.46 .000 ***
Scan 24.90 24.90 1 44.04 0.47 498
Dose:Age 1168.52 194.75 6 1059.30 3.65 .001 ***
Dose:Timeblock 1330.18 133.02 10 1058.63 2.49 .006 **
Age:Timeblock 1771.17 118.08 15 1058.41 2.21 .005 **
Dose:Age:TimeBlock| 1554.70 51.82 30 1058.43 0.97 .513

119



Table 17: Estimated marginal means of the LMM of the OF Rearings data after outlier removal
Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose, Age and Timeblock combination. — Table is continued on the
next page.

LPS dose Age Timeblock 95% Confidence Interval
. Mean SE df
[ug/kg] [PD] [min] Lower CL Upper CL
0 ~30 0-5 22.13 1.57 192.60 19.04 25.22
0 ~45 0-5 12.42 1.63 214.74 9.21 15.64
0 ~66 0-5 29.35 1.54 182.24 26.32 32.38
0 ~94 0-5 25.97 1.60 210.22 22.82 29.12
20 ~30 0-5 23.47 1.77 162.52 19.98 26.95
20 ~45 0-5 17.66 1.81 172.20 14.08 21.23
20 ~66 0-5 22.35 1.86 198.48 18.68 26.02
20 ~94 0-5 27.89 1.77 162.52 24.40 31.38
100 ~30 0-5 22.00 3.12 133.24 15.82 28.17
100 ~45 0-5 20.75 2.91 102.37 14.99 26.52
100 ~66 0-5 28.16 3.12 133.24 21.98 34.34
100 ~94 0-5 31.64 3.12 133.14 25.47 37.82
0 ~30 5-10 12.19 1.54 182.24 9.16 15.22
0 ~45 5-10 12.97 1.57 192.12 9.88 16.06
0 ~66 5-10 20.13 1.57 192.60 17.04 23.22
0 ~94 5-10 16.63 1.54 182.24 13.60 19.66
20 ~30 5-10 9.36 1.77 162.52 5.87 12.85
20 ~45 5-10 12.57 1.77 162.52 9.08 16.06
20 ~66 5-10 12.15 1.86 200.91 8.49 15.82
20 ~94 5-10 12.15 1.77 162.52 8.66 15.64
100 ~30 5-10 12.04 2.91 102.37 6.27 17.80
100 ~45 5-10 15.18 2.91 102.37 9.42 20.94
100 ~66 5-10 24.47 2.91 102.37 18.70 30.23
100 ~94 5-10 19.47 2.91 102.37 13.70 25.23
0 ~30 10-15 5.59 1.60 202.67 2.44 8.74
0 ~45 10-15 5.91 1.54 182.24 2.88 8.94
0 ~66 10-15 15.69 1.57 192.69 12.60 18.78
0 ~94 10-15 7.15 1.63 223.63 3.94 10.37
20 ~30 10-15 4.25 1.77 162.52 0.77 7.74
20 ~45 10-15 8.57 1.77 162.52 5.08 12.06
20 ~66 10-15 7.64 1.97 239.74 3.76 11.53
20 ~94 10-15 9.47 1.77 162.52 5.98 12.95
100 ~30 10-15 6.47 2.91 102.37 0.70 12.23
100 ~45 10-15 5.18 2.91 102.37 -0.58 10.94
100 ~66 10-15 9.04 2.91 102.37 3.27 14.80
100 ~94 10-15 15.04 2.91 102.37 9.27 20.80
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Continuation of Table 17:

0 ~30 15-20 2.31 1.54 182.24 -0.72 5.34
0 ~45 15-20 1.65 1.60 210.21 -1.50 4.80
0 ~66 15-20 8.47 1.54 182.24 5.44 11.50
0 ~94 15-20 9.89 1.60 208.62 6.74 13.04
20 ~30 15-20 1.10 1.77 162.52 -2.39 4.59
20 ~45 15-20 2.57 1.81 179.09 -1.01 6.14
20 ~66 15-20 6.39 1.91 213.61 2.62 10.16
20 ~94 15-20 7.36 1.77 162.52 3.87 10.85
100 ~30 15-20 1.47 2.91 102.37 -4.30 7.23
100 ~45 15-20 0.75 2.91 102.37 -5.01 6.52
100 ~66 15-20 4.04 2.91 102.37 -1.73 9.80
100 ~94 15-20 5.93 3.12 133.14 -0.25 12.10
0 ~30 20-25 1.47 1.54 182.24 -1.56 4.50
0 ~45 20-25 1.83 1.54 182.24 -1.20 4.86
0 ~66 20-25 4.39 1.54 182.24 1.36 7.42
0 ~94 20-25 8.90 1.60 208.84 5.75 12.05
20 ~30 20-25 0.89 1.77 162.52 -2.60 4.38
20 ~45 20-25 2.25 1.81 171.36 -1.33 5.82
20 ~66 20-25 2.49 1.86 189.76 -1.18 6.16
20 ~94 20-25 8.10 1.77 162.52 4.61 11.59
100 ~30 20-25 0.90 2.91 102.37 -4.87 6.66
100 ~45 20-25 0.47 2.91 102.37 -5.30 6.23
100 ~66 20-25 3.18 2.91 102.37 -2.58 8.94
100 ~94 20-25 5.61 291 102.37 -0.15 11.37
0 ~30 25-30 0.71 1.57 194.25 -2.38 3.80
0 ~45 25-30 0.45 1.57 197.31 -2.64 3.54
0 ~66 25-30 2.35 1.54 182.24 -0.68 5.38
0 ~94 25-30 5.59 1.54 182.24 2.56 8.62
20 ~30 25-30 2.52 1.77 162.52 -0.97 6.01
20 ~45 25-30 0.75 1.81 171.36 -2.83 4.32
20 ~66 25-30 3.14 1.81 171.36 -0.44 6.71
20 ~94 25-30 6.71 1.81 179.09 3.13 10.28
100 ~30 25-30 -0.15 3.12 133.20 -6.33 6.03
100 ~45 25-30 0.04 2.91 102.37 -5.73 5.80
100 ~66 25-30 0.75 2.91 102.37 -5.01 6.52
100 ~94 25-30 5.32 291 102.37 -0.44 11.09
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Figure 39: Univariate Plots for Rearings in the OF [n]

Shown are univariate plots plots for Rearings in the OF [s], a) split by LPS dose — here labeled as
“facdose 0 — 100” with facdose 0 representing the SAL group and facdose 100 representing the 100
pa/kg LPS group, b) split by age — here labeled as “time 1-4” with time 1 representing PD~30 and time
4 representing PD~94 and c) split by timeblock — here labeled “1 — 6” with 1 representing the 0-5 min
timeblock and 6 representing the 25-30 min timeblock. Most plots indicate non-normal distributed,
zero-inflated data.
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3.1.3. Novel Object Recognition
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Figure 40: Recognition index [%] by Age and LPS dose
Shown are estimated marginal means (x) of the recognition indices extracted from the linear mixed
models after outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as

white circles, 20 pg/kg LPS as light grey triangles and 100 pg/kg LPS as dark grey squares. Chance
level (RI of 50%) is shown as a dotted line.

10 data points from 9 animals were excluded from the analysis, as in these cases
there was either zero interaction with one or both of the objects during the test phase,
or in some cases the animals gnawed on the adhesive dots used to fix the items on
the ground, rendering the interaction times unusable. Furthermore, one data point
was excluded after outlier analysis.

Visually comparing the time spent with both identical objects during the sample
phase, this time seems to be similar between all groups and time points, with the

exception of a possible higher interaction time of the 100 ug/kg LPS group on PD~30
(see appendix 6.2.5, figure 74).
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The statistical model assumptions were met (see appendix 6.2.5, figure 73).

The model shows no effect of litter, but the random effect for test object shows
statistical significance (X?1= 15,99, p = <.001; see appendix 6.2.5, table 77), showing
the recognition index is not comparable between different items.

The estimated marginal means of the model are shown in figure 40 and table 19. The
analysis shows a statistical significant interaction effect between LPS dose and age
(F67133_54= 2.08, p= .060; see table 18)

Post-hoc multiple comparisons show a statistical significant difference for the
0-100 pg/kg LPS contrast on PD ~45 (t16a50 =-2.75, p =.018; see appendix 6.2.5,
table 78), with the SAL group having a lower estimated mean for the recognition
index than the 100 ug/kg LPS group (SAL =58.54 % vs. LPS-100 =73.57 %).
Furthermore, a statistical significant difference is shown for the PD~45-94 contrast in
the 20 pg/kg LPS group (t137,71 = 2.79, p = .030; see appendix 6.2.5, table 79) and in
the 100 ug/kg LPS group (t130,73 = 3.51, p = .003; see appendix 6.2.5, table 79), while
the PD~30-94 contrast shows a trend for statistical significance in the 100 pg/kg LPS
group (ts20 = 3.10, p =.056; see appendix 6.2.5, table 79). In all these three cases,
the mean recognition index on PD~94 is smaller than on the earlier time points
(LPS-20 =64.66 % on PD~45 and 53.21 % on PD~94; LPS-100=79.03 % on
PD~30, 73.57 % on PD~45 and 51.61 % on PD~94).

In addition, when every mean is compared with the 50 % chance level, only the
100 pg/kg LPS group is showing a statistical significant difference from chance from
PD~30 until ~66 (PD~30: t1069 = 4.34, p = .007; PD~45: t901 = 3.69, p = .030; PD~66:
too1 = 3.46, p =.042; see appendix 6.2.5, table 80), which is no longer seen on
PD~94.

Table 18: ANOVA table of the LMM of the NOR data after outlier removal

Shown are the sums of squares (SS), mean squares (MS), numerator (df y,,m) and denominator (df pe,,)

degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age interaction
term. The Dose:Age interaction shows a trend for statistical significance (p = .060).

ss MS df num df pen F p
Dose 541.59 270.79 2 45.66 1.98 .149
Age 2862.01 954.00 3 3.10 6.99 .069
Scan 187.62 187.62 1 45.51 1.37 247
Dose:Age 1702.14 283.69 6 133.54 2.08 .060
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Table 19: Estimated marginal means of the LMM of the NOR data after outlier removal
Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose and Age combination.

LPS dose Age 95% Confidence Interval
Mean SE df
[ug/kgl [PD] Lower CL | UpperCL
0 ~30 67.46 4.92 3.20 52.35 82.57
0 ~45 58.54 4.92 3.20 43.44 73.65
0 ~66 66.26 4.92 3.21 51.17 81.35
0 ~94 58.36 5.03 3.51 43.59 73.14
20 ~30 68.15 5.23 4.08 53.75 82.54
20 ~45 64.66 5.19 3.95 50.19 79.12
20 ~66 64.40 5.13 3.80 49.85 78.96
20 ~94 53.21 5.28 4.24 38.87 67.54
100 ~30 79.03 6.68 10.69 64.27 93.79
100 ~45 73.57 6.39 9.01 59.11 88.03
100 ~66 72.13 6.39 9.01 57.67 86.59
100 ~94 51.61 6.39 9.01 37.15 66.07

Sensitivity analysis (see appendix section 6.2.6) including the outlier value results in
disappearance of the statistical significant interaction effect between LPS dose and
age (Fs,134.13=1.71, p = .123; see appendix 6.2.6, table 81), and only the factor age
shows a trend to statistical significance (Fz305=5.86, p =.088; see appendix 6.2.6,
table 81). The greatest change in estimated marginal means is seen for the
100 pg/kg LPS group on PD~30 (79.03+6.68 excluding versus 72.44+6.44 including
outliers, see appendix table 83), while most other means don’t change much
(difference<1 %). The results of the post-hoc multiple comparisons change with
regards to the disappearance of the trend for statistical significance for the on
PD~30-94 contrast in the 100 ug/kg LPS group (ts24=2.37, p=.159; see
appendix 6.2.6, table 85), while the main interpretation of the remaining post-hoc

tests does not change.
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3.1.4. Prepulse Inhibition
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Figure 41: PPI [%] by Age and LPS dose — 50 ms Inter-Stimulus-Interval

Shown are estimated marginal means (x) of prepulse inhibition extracted from the linear mixed models
after outlier removal + SEM on top of the jittered raw data. SAL data (0 pg’/kg LPS) shown as white
circles, 20 pg/kg LPS as light grey triangles and 100 pg/kg LPS as dark grey squares.

12 data points were excluded after outlier analysis.
The statistical model assumptions were met (see appendix 6.2.7, figure 76).

The model shows a trend towards significance for the effect of litter (X2;= 3,48,
p = .062; see appendix 6.2.7, table 87).

The estimated marginal means of the model are shown in figures 41 and 42 as well
as table 21. The analysis shows a statistical significant interaction effect between
LPS dose and age (Fs32535=4.72, p = .000; see table 20) as well as between age
and interstimulus interval (F3 32526 = 2.83, p = .039; see table 20).
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Figure 42: PPI [%] by Age and LPS dose — 140 ms Inter-Stimulus-Interval
Shown are estimated marginal means (x) of prepulse inhibition extracted from the linear mixed models
after outlier removal + SEM on top of the jittered raw data. SAL data (0 ug/kg LPS) shown as white
circles, 20 pg/kg LPS as light grey triangles and 100 pg/kg LPS as dark grey squares.

Table 20: ANOVA table of the LMM of the PPI data after outlier removal:
Shown are the sums of squares (SS), mean squares (MS), numerator (df Num) and denominator (df
Den) degrees of freedom, F- and p-value for each simple factor as well as for the Dose:Age, Dose:ISlI,
Age:ISI and Dose:Age:ISI interaction terms. The Dose:Age interaction (p =.000) and the Age:ISI
interaction (p = .039) show statistical significance.

ss MS df num df pen F p
Dose 13.67 6.83 2 6.75 0.04 .957
Age 115339.43 | 38446.48 3 325.39 250.33 .000 ***
ISI 28392.89 | 28392.89 1 325.84 184.87 .000 ***
Scan 106.60 106.60 1 43.74 0.69 .409
Dose:Age 4351.34 725.22 6 325.35 4.72 .000 ***
Dose:IS| 543.20 271.60 2 325.52 1.77 172
Age:ISl 1303.09 434.36 3 325.26 2.83 .039 *
Dose:Age:ISI | 1283.30 213.88 6 325.11 1.39 217

Post-hoc multiple comparisons
0-20 ug/kg LPS contrast for the 140 ms ISI on PD ~66 (tx0.30 = 2.83, p =.027; see
appendix 6.2.7, table 88), with the SAL group having a higher estimated mean for the

show a statistical significant difference for the

127



prepulse inhibition than the 20 pg/kg LPS group (SAL=65.15% vs.
LPS-100 = 49.01 %).

Regarding age differences, most post hoc contrasts show a statistical significant
difference (p usually <.000, see appendix 6.2.7, tables 89 and 90), with estimated
means increasing with age for all 3 groups and both interstimulus intervals. There are
some few exceptions though, e.g. for both interstimulus intervals, the PD~66-~94
contrast is statistically significant for the 20 ug/kg LPS group (t324.36 = -2.91, p = .020
for the 50 ms ISI and t32542 = -6.78, p = .000 for the 140 ms ISI, see appendix 6.2.7,
tables 89 and 90), while it is not statistically significant for the control and the
100 pg/kg LPS groups, suggesting the latter two groups are reaching their maximum
PPl at an earlier age than the 20 ug/kg group. On the other hand, the PD~30-~45
contrast for the 140 ms IS| is statistically significant for the control group (tsz4.78 = -
3.24, p = .007, see appendix 6.2.7, table 90), while it is not statistically significant for
the two LPS groups, suggesting these start increasing the PPI at a later age. For the
100 pg/kg LPS group, the PD~30-~45 contrast is not statistically significant for the
50 ms ISI as well (t324.36 = -0.82, p = .845, see appendix 6.2.7, table 89).

Regarding the interstimulus interval differences, all post hoc contrasts show a
statistical significant difference (p usually <.000, see appendix 6.2.7, table 91),
except the 50-140 ms contrast for the 20 pg/kg LPS group on PD~94, which only
shows a trend to statistical significance (32542 = 1.70, p = .091, see appendix 6.2.7,
table 91).

Sensitivity analysis (see appendix section 6.2.8) including the outlier values shows
that the interaction effect between LPS dose and ISI is reaching statistical
significance as well (F2,336.00 = 3.03, p = .050; see appendix 6.2.8, table 92). Also, the
trend towards significance for the effect of litter disappears (X2 = 1,28, p = .257; see
appendix 6.2.8, table 93).
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Table 21: Estimated marginal means of the LMM of the PPI data after outlier removal
Shown are the estimated marginal mean, standard error (SE), degrees of freedom (df) and 95%
confidence interval for each LPS dose, Age and ISI combination.

LPS dose Age ISI 95% Confidence Interval
Mean SE df
[ug/kg] [PD] [ms] Lower CL Upper CL
0 ~30 50 33.07 3.74 19.59 25.26 40.88
0 ~45 50 59.54 3.78 20.35 51.67 67.41
0 ~66 50 80.91 3.74 19.59 73.10 88.72
0 ~94 50 87.02 3.77 20.35 79.15 94.88
20 ~30 50 36.12 4.32 20.80 27.13 45.11
20 ~45 50 56.37 4.37 21.91 47.30 65.44
20 ~66 50 72.49 4.32 20.80 63.50 81.48
20 ~94 50 84.17 4.32 20.80 75.18 93.16
100 ~30 50 41.26 7.52 13.07 25.02 57.51
100 ~45 50 51.98 7.52 13.07 35.74 68.22
100 ~66 50 82.12 7.52 13.07 65.88 98.36
100 ~94 50 87.55 7.52 13.07 71.31 103.79
0 ~30 140 17.11 3.74 19.59 9.30 24.92
0 ~45 140 28.58 3.77 20.35 20.72 36.45
0 ~66 140 65.15 3.78 20.39 57.28 73.03
0 ~94 140 71.25 3.78 20.36 63.38 79.11
20 ~30 140 25.22 4.32 20.80 16.23 34.21
20 ~45 140 32.48 4.37 21.91 23.41 41.56
20 ~66 140 49.01 4.32 20.80 40.02 58.00
20 ~94 140 77.13 4.45 23.00 67.93 86.34
100 ~30 140 18.55 7.52 13.07 2.31 34.79
100 ~45 140 27.84 7.79 15.02 11.23 44.44
100 ~66 140 58.92 7.79 14.97 42.33 75.52
100 ~94 140 63.67 7.79 15.02 47.06 80.28

The statistical significant difference for the 0-20 ug/kg LPS contrast for the 140 ms
ISI on PD ~66 is giving way to a trend to statistical significance (tz7.16 =2.17,
p =.094; see appendix 6.2.8, table 95), just like the PD~66-~94 contrast for the
50 ms ISl in the 20 ug/kg LPS group (t33s.00 =-2.34, p =.092, see appendix 6.2.8,
table 96). The PD~30-~45 contrast for the 140 ms ISl is no longer statistically
significant for the control group (t336.00 = -2.14, p = .143, see appendix6.2.8, table 97).
The greatest changes in estimated marginal means are seen for the 100 pyg/kg LPS
group and the 140 ms ISI (e.g. PD~45: 27.84+7.79 excluding versus 19.00+8.11
including outliers, PD~94: 63.67+7.79 excluding versus 54.2948.11 including outliers
see appendix table 94), while the change in most other means stays within the range
of £3 %.
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3.2. Resting-State fMRI

3.2.1. Independent Components / Networks of Interest

The ICA with a dimensionality of 20 components, which was based on the data of the
SAL group, yielded 7 IC’s which were classified as signal (IC’'s 1-4, 9-10, 12), and 13
IC’s which were classified as noise/unidentifiable (see table 22).

Table 22: Classification of ICs
7 of 20 components from the ICA which was based on the data of the SAL group were classified as
signal (IC’s 1-4, 9-10, 12), while the rest was classified as noise/unidentifiable.

1 rostral DMN / Default Mode Network 11

2 Somatosensory 12

3 Sensorimotor 13

caudal DMN / Default Mode Network

Striatum / CPu

10 Cerebellum 20

From the ICs classified as noise, two ICs (5 and 6) represent the large brain vessels,
the superior saggital sinus and transverse sinus, with IC 5 also including the lateral
and dorsal ventricles (appendix section 6.3.2 figure 79 a-b). Three ICs (7, 8 and 14)
were classified as noise stemming from movement (representing for example typical
ring-like patterns in the periphery of or even above the brain near the skull, see
appendix section 6.3.2 figure 80), and two ICs (19 and 20) were classified as
representing (optic) nerves (appendix section 6.3.2 figure 79 d-e). All ICs
representing noise which could not be classified more detailed and was thus only

labeled as noise/unidentifiable are shown in appendix section 6.3.2 figure 81.

The brain areas covered by the 7 ICs that were classified as signal are listed in table
23, with the areas representing the main focus of the ICs printed in bold and

underlined.
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Table 23: Brain areas involved in the 7 ICs classified as signal

Shown are the brain areas covered by the 7 ICs that were classified as signal. Within each IC, the involved brain areas are listed from top to bottom starting from

the dorsal end of the brain moving into the caudal direction. The brain areas representing the main focus of the ICs are printed in bold and underlined.
IC 1 4 2 3 9 10 12
Network DMN (rostral) DMN (caudal) Somatosensory Sensorimotor Striatum / Cpu Cerebellum Motor
. . F tal A iati . F tal A: iati
Orbitofrontal Cortex Cingulate Cortex romtal Association Motor Cortex Orbitofrontal Cortex Cerebellum romtal Association
Cortex - - Cortex
Medial Prefrontal . .
L Cortex Motor Cortex Motor Cortex Orbitofrontal Cortex Insula Cortex Orbitofrontal Cortex
Olfactory Nuclei & . S t Vi . .
actory Nuclel Septum Orbitofrontal Cortex Omatosensor Piriform Cortex Olfactory Nuclei
Tubercle Cortex
Ant D | Somatosensory . Nucl A b
Motor Cortex n ero Lorsa Cingulate Cortex ucieus Accumbens Motor Cortex
Hippocampus Cortex Shell -
Somatosensor Nucleus Accumbens
Cingulate Cortex ¥ Insular Cortex Insula Cortex ucied Y
Cortex Core
Piriform Cortex Retrosplenial Cortex Retrosplenial Cortex Caudate Putamen
i . . Parietal A iati .
Brain Entorhinal Cortex Auditory Cortex arietal Association Globus Pallidus
areas Cortex
Dorsolateral .
covered Septum Auditory Cortex
Thalamus
Parietal Association
Caudate Putamen ! 1att
Cortex
P ro Dorsal
Nucleus Accumbens ostero Dorsa

Hippocampus

Temporal Association
Cortex

Visual Cortex

Entorhinal Cortex

Posterior

Hippocampus

Auditory Cortex

Visual Cortex

Superior Colliculus

Subiculum
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3.2.1.1. Default Mode Network (DMN)

Two IC’s are representing the default mode network, with IC 1 representing the more

rostral part, and IC 4 representing the more caudal part.

The rostral part of the DMN (see figure 43) primarily consists of three areas in the
frontal part of the brain: The orbitofrontal cortex, the medial prefrontal cortex (i.e.
prelimbic and infralimbic cortices), and the rostral part of the cingulate cortex. Other
regions included in this part of the network are the olfactory nuclei and tubercle,
motor cortex, entorhinal cortex, piriform cortex, septum, dorsal part of the caudate

putamen, temporal association cortex, auditory and visual cortex.

The caudal part of the DMN (see figure 44) primarily consists of four areas (six if
hippocampus regions are counted separately), in the medial-caudal part of the brain:
The caudal part of the cingulate cortex, the retrosplenial cortex, the hippocampus
(postero dorsal and posterior hippocampus), and the visual cortex. Additional areas
that are included in this network are the motor cortex, septum, antero dorsal
hippocampus, somatosensory cortex, auditory cortex, dorsolateral thalamus, and

parietal association cortex, subiculum and parts of the superior colliculus.
3.2.1.2. Somatosensory, Sensorimotor and Motor Networks

There are 3 ICs representing the bilateral somatosensory and motor areas
throughout the brain. IC 2 mainly includes some of the rostral motor areas and a lot
of the rostral-middle parts of the somatosensory areas, subsequently titled
“‘Somatosensory” network. IC 3 represents the remaining motor areas, and the
remaining somatosensory areas from rostral to the caudal end of the cortex, which
subsequently is titled as “Sensorimotor” due to its bit larger involvement of motor
areas. Furthermore, the most rostral part of the motor cortex and the frontal

association cortex are represented in IC 12, subsequently titled “Motor” network.

The somatosensory network (see figure 45) consists of the frontal association cortex,
the rostral motor cortex, and the rostral-medial parts of the somatosensory cortex
(mainly primary somatosensory cortex jaw | upper lip | forelimb region - S1J/ S1ULp
| S1FL, as well as secondary somatosensory cortex - S2). Furthermore, the
orbitofrontal cortex and the insular cortex are parts of this network as well.
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Figure 43: rostral DMN / Default Mode Network

Shown is IC one, representing the rostral Default Mode Network, consisting of e.g. orbitofrontal cortex,
medial prefrontal cortex, and cingulate cortex. a) horizontal view b) saggital view ¢) color-bars
referring to Z-scores after Gaussian/Gamma mixture model thresholding d) coronal view of the IC
extracted directly by the ICA e) — f) Mean images of control/saline animals on postnatal days ~30 -
~94. All images are overlaid on the structural template brain. Distances to Bregma (mm) are labeled at
the bottom of the images. Images are displayed in neurological convention (I = left, r = right).
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Figure 44: caudal DMN / Default Mode Network

Shown is IC four, representing the caudal Default Mode Network, consisting of e.g. cingulate cortex,
retrosplenial cortex, visual cortex and hippocampus. a) horizontal view b) saggital view ¢) color-bars
referring to Z-scores after Gaussian/Gamma mixture model thresholding d) coronal view of the IC
extracted directly by the ICA e) — f) Mean images of control/saline animals on postnatal days ~30 -
~94. All images are overlaid on the structural template brain. Distances to Bregma (mm) are labeled at
the bottom of the images. Images are displayed in neurological convention (I = left, r = right).
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Figure 45: Somatosensory Network

Shown is IC two, representing the Somatosensory Network, consisting of e.g. frontal association
cortex, motor cortex and somatosensory cortex. a) horizontal view b) saggital view ¢) color-bars
referring to Z-scores after Gaussian/Gamma mixture model thresholding d) coronal view of the IC
extracted directly by the ICA e) — f) Mean images of control/saline animals on postnatal days ~30 -
~94. All images are overlaid on the structural template brain. Distances to Bregma (mm) are labeled at
the bottom of the images. Images are displayed in neurological convention (I = left, r = right).
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The sensorimotor network (see figure 46) mainly consists of the rostral-caudal motor
cortex, as well as the medial-caudal somatosensory cortex (primary somatosensory
cortex forelimb / dysgranular / jaw / upper lip / hindlimb / barrel field / trunk region -
S1FL | S1DzZ | S1J | S1ULp | S1HL | S1BF | S1Tr, as well as secondary
somatosensory cortex - S2). Further areas included are the auditory cortex, parietal
association cortex, parts of the cingulate and retrosplenial cortex, as well as a bit of

orbitofrontal and insular cortex.

The motor network (see figure 47) consists of the frontal association cortex and the
most rostral part of the motor cortex. Besides these areas, the rostral orbitofrontal
cortex and the olfactory nuclei are part of this component as well.

3.2.1.3. Striatal Network

Another component found, is a striatal network (see figure 48), mostly comprised of
the caudate putamen, but also involving the nucleus accumbens, globus pallidus, as

well as parts of the orbitofrontal, insular and piriform cortex.
3.2.1.4. Cerebellar Network

Finally, the last component which was classified as signal, represents the cerebellum

in the caudal part of the brain (see figure 49).
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Figure 46: Sensorimotor Network

Shown is IC three, representing the Sensorimotor Network, consisting of e.g. motor cortex, and
somatosensory cortex. a) horizontal view b) saggital view ¢) color-bars referring to Z-scores after
Gaussian/Gamma mixture model thresholding d) coronal view of the IC extracted directly by the ICA
e) — f) Mean images of control/saline animals on postnatal days ~30 - ~94. All images are overlaid on
the structural template brain. Distances to Bregma (mm) are labeled at the bottom of the images.
Images are displayed in neurological convention (I = left, r = right).
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Figure 47: Motor Network

Shown is IC twelve, representing the Motor Network, consisting of e.g. frontal association cortex and
motor cortex. a) horizontal view b) saggital view c¢) color-bars referring to Z-scores after
Gaussian/Gamma mixture model thresholding d) coronal view of the IC extracted directly by the ICA
e) — f) Mean images of control/saline animals on postnatal days ~30 - ~94. All images are overlaid on
the structural template brain. Distances to Bregma (mm) are labeled at the bottom of the images.
Images are displayed in neurological convention (I = left, r = right).
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Figure 48: Striatal Network

Shown is IC nine, representing the Striatal Network, consisting of e.g. caudate putamen. a) horizontal
view b) saggital view c¢) color-bars referring to Z-scores after Gaussian/Gamma mixture model
thresholding d) coronal view of the IC extracted directly by the ICA e) — f) Mean images of
control/saline animals on postnatal days ~30 - ~94. All images are overlaid on the structural template
brain. Distances to Bregma (mm) are labeled at the bottom of the images. Images are displayed in
neurological convention (I = left, r = right).
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Figure 49: Cerebellum / Cerebellar Network

Shown is IC ten, representing the Cerebellar Network, consisting of the cerebellum. a) horizontal view
b) saggital view ¢) color-bars referring to Z-scores after Gaussian/Gamma mixture model thresholding
d) coronal view of the IC extracted directly by the ICA e) — f) Mean images of control/saline animals on
postnatal days ~30 - ~94. All images are overlaid on the structural template brain. Distances to
Bregma (mm) are labeled at the bottom of the images. Images are displayed in neurological

convention (I = left, r = right).
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3.2.2. Anesthesia Comparison

Comparison of the single subject maps (generated via dual_regression) on PD~94
between the two anesthesia regimes (animals that received boli of medetomidine
every ten minutes during scanning and those which received a continuous infusion of
medetomidine) within the control and LPS groups separately yielded statistically
significant voxels in three cases. First, within the control group, a small cluster of two
voxels reached statistical significance, with animals receiving boli showing higher z-
values, in the cerebellar network (IC 10). The Two voxels were located within the
primary somatosensory cortex (barrel field), outside of the main location of the
cerebellar IC (see figure 50). The cluster included two more voxels that showed a

trend towards statistical significance.
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Figure 50: Cerebellar Network — Anesthesia comparison — Statistically significant voxels (SAL)
Shown are statistically significant voxels for IC ten, representing the Cerebellar Network, after
comparison between the two anesthesia regimes (continous infusion or bolus injection) on PD~94.
Within the control group, two voxels located within the primary somatosensory cortex (barrel field),
outside of the main location of the main IC, are showing statistical significance (plus 2 more voxels at
trend level), with animals receiving boli showing higher z-values. a) coronal view b) color-bars referring
to Z-scores after Gaussian/Gamma mixture model thresholding (blue-red) or p-values after statistical
comparison via nonparametric permutation tests (bronze-green). All images are overlaid on the
structural template brain. Distances to Bregma (mm) are labeled at the bottom of the images. Images
are displayed in neurological convention (I = left, r = right).

Second, within the LPS group, a small cluster of six statistically significant different
voxels, with animals receiving boli showing higher z-values, was located in the
brainstem outside of the main location of the IC in the somatosensory network (IC 2;
see figure 51). Third, also within the LPS group, a single voxel reached statistical
significance, with animals receiving boli showing higher z-values, in the striatal
network (IC 9). The voxel was located in the cerebellum near the brainstem, outside
of the main location of the striatal IC (see figure 52). A second neighboring voxel

showed a trend towards statistical significance. Otherwise, no voxels reached the
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significance threshold. Therefore, as all clusters reaching the significance threshold
were located outside of the main locations of the ICs, the data was deemed
comparable and thus data from both anesthesia regimes was pooled for the further

analysis.
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Figure 51: Somatosensory Network — Anesthesia comparison — Statistically significant voxels
(LPS)

Shown are statistically significant voxels for IC two, representing the Somatosensory Network, after
comparison between the two anesthesia regimes (continous infusion or bolus injection) on PD~94.
Within the LPS group, six voxels located in the brainstem outside of the main location of the IC, are
showing statistical significance (plus 2 more voxels at trend level), with animals receiving boli showing
higher z-values. a) coronal view b) color-bars referring to Z-scores after Gaussian/Gamma mixture
model thresholding (blue-red) or p-values after statistical comparison via nonparametric permutation
tests (bronze-green). All images are overlaid on the structural template brain. Distances to Bregma
(mm) are labeled at the bottom of the images. Images are displayed in neurological convention (I =
left, r = right).
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Figure 52: Striatal Network — Anesthesia comparison — Statistically significant voxels (LPS)
Shown are statistically significant voxels for IC nine, representing the Striatal Network, after
comparison between the two anesthesia regimes (continous infusion or bolus injection) on PD~94.
Within the LPS group, a single voxel located in the cerebellum near the brainstem outside of the main
location of the IC, is showing statistical significance (plus another voxel at trend level), with animals
receiving boli showing higher z-values. a) coronal view b) color-bars referring to Z-scores after
Gaussian/Gamma mixture model thresholding (blue-red) or p-values after statistical comparison via
nonparametric permutation tests (bronze-green). All images are overlaid on the structural template
brain. Distances to Bregma (mm) are labeled at the bottom of the images. Images are displayed in
neurological convention (I = left, r = right).

142



3.2.3. Statistically Significant Differences

The statistical model assumptions were not checked in case of the fMRI data. The
available post-estimation tools from the “Multivariate and repeated measures” (MRM)
toolbox have not proven very suitable for checking model assumptions after the
analysis of rat brain data, as the voxels to be checked can only be selected
according to the human MNI template coordinate system, whereas no visual
selection is possible. Furthermore, due to the voxelwise testing, one must in theory
check each voxel for each comparison for itself. Considering the functional MRI data
collected consisted of 4608 voxels per volume, and 7 statistical comparisons were
run, this would be a very tedious procedure. However, the used MRM model has less
strict assumptions than the usually for fMRI data used general linear model (GLM),
as the MRM has no assumption of spherical covariance structure, and the used

permutation approach does not rely on strong distributional (normality) assumptions.

The effect of litter on the fMRI data was not tested, as the used MRM model is not
able to perform multi-level modeling and thus did not allow the addition of such

random factors.

No statistical significant effect of LPS dose could be shown. However, the analysis
shows a statistical significant effect of age in the cerebellar network. When results at

trend level are included, in total three of the seven tested ICs show an effect of age.
3.2.3.1. Age effects

In the somatosensory network (IC two), some small clusters showing a trend towards
statistical significance of age are located within the main focus of the IC. These are
located bilaterally in the primary motor cortex, roughly between Bregma +3.2 mm to
+2.4, as well as in the right primary somatosensory cortex (upper lip region), and
right granular insular cortex, located at Bregma +0.7 mm (see figure 56). Additionally,
some scattered voxels or smaller clusters outside of the main focus are showing a
trend towards statistical significance of age (e.g. in cerebellum located at Bregma -
10.3 mm).

In the sensorimotor network (IC three), some small clusters showing a trend towards
statistical significance of age are located within the main focus of the IC as well.
These are located bilaterally in the primary and secondary motor cortex, as well as

143



the primary (forelimb, jaw, dysgranular region; barrel field) and secondary
somatosensory cortex, roughly between Bregma +3.2 mm to -2.5 mm (see figure 57).
Additionally, some scattered voxels or smaller clusters outside of the main focus

focus are showing a trend towards statistical significance of age as well.

Lastly, in the cerebellar network (IC ten), some small clusters showing statistical
significance of age, in addition to clusters showing a trend towards statistical
significance of age, are located within the main focus of the IC. These are located
around the primary fissure and posterior superior fissure of the cerebelleum, roughly
at Bregma -10.5 mm (see figure 58). Additionally, some scattered voxels or smaller
clusters outside of the main focus are showing statistical significance of age at least

at trend level as well.

Visually comparing the mean component maps of the control group, thresholded
between z-values of +3 - +15, there seems to be a slight increase in signal strengths
from PD~30 until PD~66 for the somatosensory and sensorimotor networks (see
figures 45 and 46 e) to h)). Comparing the mean values of voxels within the (at trend
level) statistical significant clusters confirmed that the z-values mostly seem to
increase from PD~30 until PD~66, whereas the z-values from PD~94 seem to be
smaller than on PD~66 (see table 24 and figures 53-54). In contrast, for the
cerebellar network, there seems to be a decrease in signal strengths from PD~30
until PD~94 (see figure 49 e) to h)), also confirmed by comparing the mean values of
voxels within the (at trend level) statistical significant clusters (see table 24 and
figure 55). The z-values seem to decrease with increasing age, and at PD~94 no
voxel of the mean images of the SAL animals has a z-score higher or equal to +3
anymore, i.e. the network seems to be no longer present at all. However, as such
age differences without an interaction with the treatment were not the focus of this
thesis, additional post-hoc analyses have been omitted due to time constraints.
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Table 24: Mean z-values within (at trend level) statistical significant clusters
Shown are mean values and standard deviation (SD) within the (at trend level) statistical significant
clusters for all three independent components (IC) for each LPS dose and Age combination.

LPS Dose 0 20 100
Ic ug/kel
Age
Mean SD Mean SD Mean SD
[PD]
~30 3.75 2.92 4.88 3.89 4.20 3.49
Somatosensory| ~45 4.39 4.07 4.40 3.93 3.88 3.90
network ~66 5.63 4.93 6.09 4.97 7.21 6.11
~94 4.62 4.28 4.26 3.88 4.18 4.04
~30 3.27 2.17 4.03 2.66 3.51 2.21
Sensorimotor ~45 4.00 2.54 4.27 2.85 4.15 3.05
network ~66 4.46 2.81 5.00 3.09 6.14 3.80
~94 3.66 2.38 3.31 2.17 3.43 2.41
~30 1.87 1.52 1.91 1.60 2.01 1.69
bell ~45 1.36 1.20 1.10 0.99 1.88 1.70
Cerebellum ™ e 136 |222] 014 J|o49] 237 215
~94 0.42 0.58 0.04 0.43 0.58 0.90
Somatosensory Network
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101 LPS dose
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Figure 53: Mean z-values within the at trend level statistical significant Somatosensory
Network clusters

Shown are mean values and standard deviation (SD) within the at trend level statistical significant
clusters for the Somatosensory Network IC for each LPS dose and Age combination.
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Figure 54: Mean z-values within the at trend level statistical significant Sensorimotor Network
clusters

Shown are mean values and standard deviation (SD) within the at trend level statistical significant
clusters for the Sensorimotor Network IC for each LPS dose and Age combination.

Cerebellum
4
LPS dose
o T ar [Mg/kg]
3 I
g 2- L Il 9C i3 0
& TN 20
S " 100
SN Y \
0 i L == =4
~30 ~45 ~66 ~94
Age [PD]

Figure 55: Mean z-values within the statistical significant Cerebellum clusters
Shown are mean values and standard deviation (SD) within the at trend level statistical significant
clusters for the Cerebellum IC for each LPS dose and Age combination.
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Figure 56: Somatosensory Network — Statistically significant voxels — Age contrast

Shown are statistically significant voxels for IC two, representing the Somatosensory Network. Some
small clusters showing a trend towards statistical significance are located within the main focus of the
IC (bilaterally in the primary motor cortex, located roughly between Bregma +3.2 mm to +2.4, as well
as in the right primary somatosensory cortex, upper lip region, and right granular insular cortex,
located at Bregma +0.7 mm), in addition to some scattered voxels or smaller clusters outside of the
main focus (e.g. in cerebellum located at Bregma -10.3 mm). a) coronal view b) color-bars referring to
Z-scores after Gaussian/Gamma mixture model thresholding (blue-red) or p-values after statistical
comparison via MRM toolbox (bronze-green). All images are overlaid on the structural template brain.
Distances to Bregma (mm) are labeled at the bottom of the images. Images are displayed in
neurological convention (I = left, r = right).

+15 [p=0.00
b)

16 +3 0<0.05

o oo, U e

-0.9 -2.5

Figure 57: Sensorimotor Network - Statistically significant voxels — Age contrast

Shown are statistically significant voxels for IC three, representing the Sensorimotor Network. Some
small clusters showing a trend towards statistical significance are located within the main focus of the
IC (bilaterally in the primary and secondary motor cortex, as well as the primary and secondary
somatosensory cortex, located roughly between Bregma +3.2 mm to -2.5 mm), in addition to some
scattered voxels or smaller clusters outside of the main focus. a) coronal view b) color-bars referring to
Z-scores after Gaussian/Gamma mixture model thresholding (blue-red) or p-values after statistical
comparison via MRM toolbox (bronze-green). All images are overlaid on the structural template brain.
Distances to Bregma (mm) are labeled at the bottom of the images. Images are displayed in
neurological convention (I = left, r = right).
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Figure 58: Cerebellar Network - Statistically significant voxels — Age contrast

Shown are statistically significant voxels for IC ten, representing the Cerebellar Network. Some small
clusters showing statistical significance, in addition to clusters showing a trend towards statistical
significance, are located within the main focus of the IC (around the primary fissure and posterior
superior fissure of the cerebelleum, located roughly at Bregma -10.5 mm), in addition to some
scattered voxels or smaller clusters outside of the main focus. a) coronal view b) color-bars referring to
Z-scores after Gaussian/Gamma mixture model thresholding (blue-red) or p-values after statistical
comparison via MRM toolbox (bronze-green). All images are overlaid on the structural template brain.
Distances to Bregma (mm) are labeled at the bottom of the images. Images are displayed in
neurological convention (I = left, r = right).
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4. Discussion

4.1. Summary of Findings

To summarize, higher LPS doses of 100-50 pg/kg resulted in abnormal littering of
dams. For the reduced dose of 20 pg/kg, no statistically significant differences in litter
size or male:female ratio compared to SAL were observed. The analysis suggests an
interaction effect between LPS dose and age on offspring weights, but due to
violation of statistical model assumptions, this observation needs further evaluation

using refined statistical methods.
4.1.1. Elevated Plus Maze

In the EPM task, mainly effects of age unrelated to the LPS treatment were observed.
Age effects included reduced time spent in the open arm of the EPM and reduced
head dips during puberty (PD~45), indicative of increased anxiety during puberty, as
well as increased time spent in the center of the EPM during late adolescence/early
adulthood (PD~66). A trend for an effect of LPS dose on time spent in the center of
the EPM with the 100 ug/kg LPS group showing increased time spent in the center,
which may be interpreted as animals being more indecisive, and a statistical
significant interaction between LPS dose and age on the number of rearings with the
100 pg/kg LPS group showing increased rearings compared to the 20 ug/kg LPS
group on PD ~45 may hint towards effects of the higher LPS dose on EPM
measures. However, as only data from one 100 pg/kg LPS litter was included, and
the model shows statistically significant litter effects for most of the EPM measures,
with the exception of rearings, this finding should only be interpreted carefully without
collecting additional supporting data from more litters. Excluding this higher dose
litter, the absence of LPS effects on EPM behavior is consistent with the initial
hypothesis to replicate the absence of effects found by a former study from this

department using the same protocol in adult LPS offspring (Wischhof et al., 2015b).
4.1.2. Open Field

For the open field task, it was initially hypothesized to replicate a hyperactive
anxiolytic-like phenotype in juvenile and adolescent but not in adult LPS offspring,

which was shown in previous studies from this department using a similar protocol
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(Wischhof et al., 2015a, 2015b). However, as the assumptions for the used statistical
linear mixed model were violated by non-normality and heteroscedasticity, most
probably related to the zero-inflation of the raw data, the data was not interpreted any
further. As most of the studies analyzing longitudinal data on e.g. distance travelled
in the open field by rats or mice seem to be analyzing the data using the standard
repeated measures ANOVA approach without commenting on any violation of
statistical model assumptions or zero-inflation of the raw data, it is unclear if this
zero-inflation is specific to the data collected within this study, or a general problem of
such behavioral measures in the open field test. There are some reports of such right
skew of locomotor data in the open field (Welge and Richtand, 2002; Bronson et al.,
2011), which use a log-transformation to solve this issue, but such reports are
scarce, suggesting this may be a problem specific to few studies and therefore might
be related to the way the data are collected. Considering that automated video
analysis or the use of automated systems such as the TSE Actimot-System as used
in this study is the standard for measuring locomotion in the open field, reducing
observer bias and standardizing the test conditions, another explanation would be
that such non-normal right skewed data is actually the usual outcome of such
experiments, but scientist are simply not aware this is an issue for linear statistical
models like the repeated measures ANOVA and related procedures. Actually, many
of the MIA papers on open field data cited within this thesis fail to mention the
fulfillment or check of statistical model assumptions at all. This lack of reporting on
details of assessment of statistical model assumptions is a general problem in the
reporting of scientific results in publications known for a long time (Keselman et al.,
1998; Osborne, 2008; Ernst and Albers, 2017; Nielsen et al., 2019; Hu and Plonsky,
2021). There is also a study suggesting that this is not simply a reporting issue, i.e.
assumptions are checked but not reported when fulfilled, but rather that statistical
model assumptions are actually rarely checked at all by scientists (Hoekstra et al.,
2012), most probably explained by a lack of knowledge of this topic - a finding which
is also supported by my own observations when discussing this topic with fellow

research students and professors.
4.1.3. Novel Object recgonition

In the novel object recognition test, a statistical significant interaction between LPS
dose and age was found. There does not seem to be a meaningful difference
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between the 20 ug/kg LPS group and control animals, but there is a statistical
significant difference between control rats and the 100 pg/kg LPS group on PD ~45.
In addition, when comparing the RI against chance level, only the 100 pg/kg LPS
group is statistically significant different from chance on the first three time points, but
not as adults on PD ~94. Therefore, the initial hypothesis that offspring of LPS
treated dams in the current study should show deficits in object recognition memory
as adults (PD ~90) was partially confirmed.

There are some things to keep in mind when interpreting these results though. First,
the deficits were only shown for the highest LPS dose, where only data from one litter
was available, which is why this finding should only be interpreted carefully without
collecting additional supporting data from more litters. Excluding this higher dose
litter, one would have concluded that there are no deficits detectable. Second, the RI
of control rats was never statistically significant from chance. Due to this absence of
object recognition significantly different from chance in control rats, there might have
been methodological problems in the execution of this behavioral test within this
thesis. One hint is the statistical significant random effect for test objects, meaning
the recognition index is not comparable between the different items used. Identical
item pairs were used on time points one and three, as well as a different pair of items
on time points two and four. Examining the control group data, one may see a zigzag
pattern corresponding to the respective pairs of test items. This is showing that the
recognition index is depending on the items and thus not directly comparable when
different items were used, although the time spent in the sample phase is
comparable between those items. And furthermore, it is also showing that the item
pair for time points two and four (porcelain cup with a lion head bulge and a miniature
beer glass, see fig. 18 within section 2.3.3) seems to be worse for showing
recognition memory within the NOR test than the other two items. Generally, different
items leading to a more robust recognition index in control rats could have been
used, but in defense, the item pairs used have been selected from a wide range of
items which underwent pre-tests with adult Wistar rats in preparation of this thesis,
where they have shown RI values comparable to the literature (data not shown).
Furthermore, there still is no standard for choosing objects for the NOR test within the
literature, and previously used items often have their own disadvantages like item
affordances (Chemero and Heyser, 2005; Ennaceur, 2010; Heyser and Chemero,
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2012), making the choice of the right objects a non-trivial task when one wants to

reduce previously made errors in item selection without introducing new errors.

Finally, another point to discuss in this regards is that the mentioned zigzag pattern is
not seen in both LPS groups. Together with the generally increased RI within the
higher dose LPS group, even reaching statistical significance compared to controls
on PD ~45, this suggesting that LPS animals may not show deficits resulting in
reduced recognition memory, but may rather show an increase recognition index in
the NOR test instead, a finding which at first may seem counter intuitive, but was also
shown by some other researches as well (Golan et al., 2005; Ito et al., 2010).
Hovewer, the time course of this memory improvement in this study is opposite
compared to that by Ito et al., 2010, as the memory advantages disappear in early
adulthood, while in their study this was the time where the memory advantages

began to appear.
4.1.4. Prepulse Inhibition

Regarding PPl measured via the acoustic startle response, besides the generally
expected interaction between age and interstimulus interval, a statistically significant
interaction between dose and age was found. Comparing the groups on individual
time points, there was a transient effect of reduced PPI in the 20 ug/kg LPS group
compared to the control group on PD ~66. As this deficiency in PPl is no longer
detectable on PD ~94, the initial hypothesis of PPI deficits emerging during puberty
and persisting into adulthood was only partially confirmed. Nevertheless, although the
effect shown is not very pronounced, this work joins the long list of publications that

have already shown PPI deficits in the MIA model.

Also, this deficiency was only detected when the longer interstimulus interval of
140 ms was used. This contradicts many previous findings (see introduction section
1.3.4), reporting PPI deficits in MIA offspring using lower interstimulus intervals, but is
consistent with results from a former study from this department using the same
protocol (Wischhof et al., 2015b) as well as with those from Santos-Toscano et al.,
2016.
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4.1.5. Resting-State fMRI

Analyzing the resting-state fMRI data with ICA, in total 7 ICs were classified as

signal, which could be assigned to known resting-state networks.

Two DMN-like components were detected. One covering the more rostral part, mainly
comprised of the orbitofrontal, medial prefrontal (prelimbic and infralimbic cortices)
and rostral cingulate cortex, and one covering the more caudal part of the brain,
mainly comprised of the caudal cingulate and retrosplenial cortex, as well as parts of
the visual cortex and hippocampus. Combined, these two DMN components show
strong resemblance to the known rat DMN network from the literature, such as from
Lu et al., 2012 (see introduction, section 1.2.6.1.2 figure 13), Sierakowiak et al.,
2015, or Dai et al., 2023. The splitting of the DMN into two components is not yet
reported in the published literature so far. However, there are only few studies
reporting the rat DMN via ICA, and splitting of components into several sub-
components is a general observation that can be made depending for example on
the used dimensionality of the ICA but also depending on other factors (Abou
Elseoud et al., 2009), and thus is not unexpected. In an unpublished Master thesis
from this department, a similar split of the DMN like components into a more rostral
and a more caudal component was reported previously (Coors, 2015, unpublished).
However, the more caudal DMN like component in that thesis was discussed to most
likely represent vascular noise, as the main focus of that component was located
above the superior and inferior colliculi, i.e. not in gray matter but above the brain, in
a position where the superior sagittal sinus and the transverse sinus are meeting
(Scremin, 2015). Two ICs appearing similar to that IC were again observed in the
analysis of this thesis as well (IC 5 and 6, see table 22 in the results section as well
as figure 79 in appendix section 6.3.2), but were directly classified as vascular noise

and thus not discussed further.

Three bilateral ICs representing the bilateral somatosensory (primary and secondary
somatosensory cortex) and motor areas (motor cortex) were detected
(Somatosensory, Sensorimotor and Motor network), which are consistent with the
published literature on rs-fMRI in rats analyzed via ICA (Becerra et al., 2011,
Jonckers et al.,, 2011; Liang et al.,, 2011; Lu et al., 2012) or Seed-ROI analysis
(Pawela et al., 2008; Zhao et al., 2008; Liang et al., 2013; Sierakowiak et al., 2015).
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Furthermore, a Striatal Network was detected, consisting of the caudate putamen
with involvement of e.g. nucleus accumbens and globus pallidus. A similar striatal
component/network was previously reported by e.g. Hutchison et al., 2010, Jonckers
et al., 2011, or Liang et al., 2011 using ICA as well.

Finally, a Cerebellar Network was found, covering a large part of the cerebellum. A
similar IC was observed in Becerra et al., 2011, but there included e.g. the
periaqueductal gray and other brainstem regions in addition, which did not show
clear participation in this study. However, the rats in the study by Becerra et al. were
not sedated but trained to be scanned in an awake state. As anesthesia and sedation
are known to alter the strengths of resting-state networks (Massimini et al., 2005;
Zhang et al., 2010; Liu et al., 2011b; Kalthoff et al., 2013), such differences of other
brain areas involved in some ICs is not unexpected in this case. Furthermore,
Hutchison et al., 2010, reported a cerebellar IC in some animals as well, but in most

animals the field of view was not large enough to cover the area of the cerebellum.

No effect of LPS treatment on the shape or connectivity strengths of those resting-
state networks was shown, thus the initial hypothesis of an altered resting-state
connectivity of LPS offspring compared to control rats was not confirmed. However,
due a lack of available previous research on resting-state fMRI within MIA models,
the initial hypothesis was based on the fact that altered resting-state connectivity can
be seen in human schizophrenic patients, and the LPS model as well as other MIA
models usually show a great extend of face- and construct-validity (Meyer and
Feldon, 2010; Reisinger et al., 2015; Haddad et al., 2020b).

Despite the absence of LPS effects on rsfMRI in this thesis, some recently published
studies using other MIA models add further evidence that support the initial
hypothesis of altered resting-state connectivity in MIA offspring though. The study by
Mills, 2018, investigating an MIA model using prenatal IL-6 infusions during whole
gestation in Sprague Dawley rats (instead of the indirect induction of inflammation
using Poly(l:C) or LPS) found reduced functional connectivity in MIA offspring
between PD ~22-50 from the left amygdale to left caudate putamen and ventral
pallidum using seed ROI analysis. Missault et al., 2019, report increased connectivity
in the DMN of Poly(l:C) offspring on PD~84 using a seed ROI analysis (maternal
injection on GD 15). The alterations in functional connectivity were paralleled by

increased anxiety measured by the open field test, but the alteration in functional
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connectivity was only observed in the subgroup of offspring from dams that lost
weight after the Poly(I:C) injection (Missault et al., 2019) — a topic that is further
discussed in section 4.2.4. Finally, in a mouse model using Poly(l:C) on GD 12.5, a
reduction of functional connectivity in cortical-limbic connectivity circuits and
enhanced connectivity in the temporal association cortex in MIA offspring was shown
on PD ~84 using seed ROI analysis by Kreitz et al., 2020. Considering the generally
large variability in MIA models (see section 4.2.2), the topic will still need further

attention by more studies in the future.

Although no effects of LPS treatment on connectivity of the identified resting-state
networks was shown, there were statistically significant effects of age on connectivity
in the cerebellar network, with connectivity decreasing with age. One trivial
explanation for this finding may be a trend towards fewer coverage of the cerebellum
in older rats compared to the earlier time points. Visually comparing the brain slices
covering the cerebellum between PD~30 and ~94 can’t rule out this may be a reason
(data not shown), but a detailed analysis of this aspect was not followed-up due to
time-constraints, and thus should be investigated in more detail in the future.
Additional experiments specifically tailored at investigating the cerebellum, making
sure the coverage is the same over all age groups would of course be the best
solution to either confirm or reject the finding of overall functional connectivity

decrease within the cerebellar network with increasing age.

When considering results with a trend towards statistical significance, there were age
effects on connectivity in the Somatosensory and the Sensorimotor networks as well.
However, in contrast to the cerebellar network, the connectivity in the latter two
networks was increasing with age until reaching a maximum at PD ~66, after which

the connectivity was decreasing until PD ~94.

According to our knowledge, this is the second available study to analyze resting-
state fMRI in rats on a longer longitudinal scale, covering four different
neurodevelopmental time points from the juvenile stage (PD~30), through puberty
(PD~45), late adolescence (PD~66) into adulthood (PD~94). The only other available
study covering a comparable age-span with more than two time points measured is
the study by Ma et al., 2018. Investigating functional connectivity in the resting-state
of awake long evans rats, Ma et al. used a seed ROI analysis to compare five time
points from PD~30 over PD~34, PD~41, PD~48 until PD~70-90. Overall, all
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subcortical networks showed reduced functional connectivity during development,
while sensorimotor and polymodal association cortical systems displayed increased
functional connectivity during development (Ma et al., 2018). Also, cortico-cortical
connections and cortico-subcortical connections generally showed increases with
age. Thus, the results by Ma et al., 2018 are generally in line with the trend towards
increased connectivity of the Somatosensory and the Sensorimotor networks in this
study. Ma et al., 2018, don’t report a drop in functional connectivity in the
Sensorimotor networks transitioning into adulthood though. One reason for this
divergence may be the difference in definition of the later time points between the
two studies. While in this present study the time points showing the drop in functional
connectivity were when comparing the animals scanned on ~PDG66 (late
adolescence) with PD~94 (adulthood), while in the study by Ma et al. the stage of
adulthood covered a large time-scale throwing together animals scanned from
PD~70 until PD~94, and the authors do not provide more details of the age
distribution during this period. The cerebellum was apparently not covered in the
study by Ma et al. though, which means that no further conclusions can be drawn
from their study with regard to the reduced connectivity found in the cerebellum in

this thesis.
4.1.6. Overall summary

Overall, the offspring from dams receiving 20 pyg/kg LPS showed transient PPI
deficits on PD~66, while no other behavioral deficits were observed. In contrast, the
offspring from the single dam receiving the higher dose of 100 ug/kg LPS showed no
PPI deficits, but effects on object recognition memory as well as time spent in the
center and rearings in the EPM.

No effects of LPS treatment on rs-fMRI connectivity could be observed.

4.2. Methodological Problems in MIA research

4.2.1. Abortive Effect of Pathogenic Agents

This study was started using 100 ug/kg LPS, as this dose was used successfully in
previous studies from the same department (Wischhof et al., 2015b, 2015a). The
dose used by Wischhof et al. further was based on studies by Cui et al., 2009 and

Fortier et al., 2007, as “this dose of LPS induces a reliable cytokine release and
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febrile response while having no effect on litter size and dam survival” (Wischhof et
al., 2015b). Contrary, during the execution of this study, the LPS dose was stepwise
reduced from the initially planned 100to 20 pyg/kg in response to unexpected
abortions and one maternal death. After an in-depth literature review, it turned out
that abortions and maternal death in response to LPS treatment are not unknown to
the literature. Other MIA research articles are describing similar effects of abortions
and/or maternal death after the treatment with LPS, often in a dose-dependent
manner (Bell and Hallenbeck, 2002; Fortier et al., 2007; Chlodzinska et al., 2011;
Oskvig et al., 2012; Hsueh et al., 2017; Schaafsma et al., 2017; Braun et al., 2019).
For example, Schaafsma et al., 2017, also injected LPS from the Escherichia coli
serotype 0111:B4 intraperitoneally on GD 15-17 and only obtained offspring with a
dose of 50 ug/kg, while 100 and 250 ug/kg resulted in preterm birth or resorption of
fetuses. The same effect of abortions and/or maternal death can be observed after
induction of maternal immune activation using Poly(I:C) mimicking a viral infection as
well (Meyer et al., 2005; Ozawa et al., 2006; Mueller et al., 2019). In addition, the
effect of LPS on dam and fetal survival also seems to be dependent on the
gestational timing of the treatment, as in a study by Fortier et al., a dose of LPS that
was well tolerated at GD 15-16 was lethal to dams at GD 18-19, whereas at
GD 10-11 it induced fetal death but all dams survived (Fortier et al., 2007). One study
suggests that this LPS-induced abortion may be partially mediated through the
effects of IL-15 on natural killer (NK) cells (Lee et al., 2013). As the effect of LPS
generally is also influenced by the route of injection (see section 4.2.2 below), it is
reasonable to hypothesize the injection route will influence the outcome on dam and

fetal survival on top of the other mentioned factors.

A serious complication in the use of LPS in MIA models playing a part in this regard
is that, due to the extraction from bacteria, each batch and lot of LPS can contain
different pyrogenic and cytokinogenic activities (Ray et al., 1991; Boksa, 2010). The
LPS composition and amount of impurification with nucleic acid and protein
contaminants differs depending on the extraction method like trichloroacetic acid or
phenol extraction, as well as different additional processing steps (Galanos et al.,
1969; Leive and Morrison, 1972; Horan et al.,, 1989; Nguyen et al., 2019).
Furthermore, different serotypes of LPS prepared from Escherichia coli also may
differ in their pyrogenic activities, and as a consequence in their tendency for

producing either a hypothermic or a hyperthermic response due to a differential
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release of antipyretic cytokines like TNF-a or IL-10 (Dogan et al., 2000; Ling et al.,
2006; Akarsu and Mamuk, 2007; Boksa, 2010). Therefore, Boksa, 2010, suggested
that as doses of LPS may not be directly comparable across laboratories on a mg/kg
basis, expressing the LPS dosage in terms of international activity units would be
preferable, although such practice is not yet routine in the literature. Comparing the
certificate of analysis (CoA) available online on the websites from Sigma-Aldrich for
the two batches of LPS used in this study and the previous studies by Wischhof et
al., 2015b, 2015a with regards to the potency measured in Endotoxin units (EU/ml or
EU/mgq) gives a hint towards the observed increased fetal mortality in this study. Both
the present and the previous studies used the Sigma-Aldrich product L4391
(Escherichia coli O111:B4, y-irradiated, purified by gel-filtration chromatography), but
the studies by Wischhof et al., 2015b, 2015a used a vial from batch number
072M4100V while this study used a vial from batch number 036M4070V. The CoA for
the batch used by Wischhof et al. states “Potency (Sample EU/mg) 600000 EU/mg”,
whereas the one used in this study states “Potency (Sample EU/mg) > 3000000
EU/mg”. Therefore, the potency of the LPS used within this thesis apparently seems
to be five times as high compared to the LPS used by Wischhof et al., 2015b, 2015a.
Simply adopting the previous 100 ug/kg dosing scheme may therefore have resulted
in injection of a dose five times as high. When the dose was finally reduced to a fifth
by only using 20 pg/kg, making it more comparable to the dose used by Wischof et
al. in terms of endotoxin units, the fetal and maternal mortality disappeared,

confirming the initial dose may have been too high to be tolerated by most dams.

As fetal and maternal mortality is usually an unintended effect in MIA models, some
working groups implement preliminary dose-dependence test in order to find a dose
tolerated by the dams without inducing fetal abortions or preterm birth (Bell and
Hallenbeck, 2002; Oskvig et al., 2012; Hsueh et al., 2017).

4.2.2. High Variability in MIA research

One key issue in MIA research is that there is a lot of variation in the methods applied
within the different laboratories in the field, making it hard to compare the available
studies.

With Poly(l:C) mimicking viral and LPS mimicking bacterial infections either via TLR3

or via TLR4 and their respective downstream routes (for review see Takeda and
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Akira, 2005), there are two major pathogenic agents to choose from when designing
an MIA experiment. As can be seen from tables 25 to 32 (appendix section 6.1),
while there are some laboratories choosing LPS from Salmonella enterica, most
studies using LPS are using LPS from Escherichia coli. As written before in section
4.2.1, there are different serotypes of Escherichia coli, e.g. the often used serotypes
0111:B4, 026:B6 and 055:B5, which may differ in their pyrogenic activities, leading to
differences in the triggered immune responses (Dogan et al., 2000; Ling et al., 2006;
Akarsu and Mamuk, 2007; Boksa, 2010). Since each batch and lot of LPS can
contain different pyrogenic and cytokinogenic activities as well (Ray et al., 1991;
Boksa, 2010), one may consider the suggestion from Boksa, 2010, that doses of LPS
may not be directly comparable across laboratories on a mg/kg basis, and expressing
the LPS dosage in terms of international activity units would be preferable. However,
this currently is not adopted from the MIA research community, as from the 46
studies using LPS as pathogenic agent reviewed in sections 1.3.1 - 1.3.4 (overview
tables 25 to 32 in appendix section 6.1), the study by Lin et al., 2012, is the only one
directly stating the units in their material and methods section. Few like Harvey and
Boksa, 2014, are at least stating the lot number by which one may look up the CoA
from the manufacturer, but this is the exception. Some studies (e.g. Golan et al.,
2005; Hava et al., 2006; Al-Amin et al., 2016; Straley et al., 2017; Swanepoel et al.,
2018; Braun et al., 2019; Wang et al., 2019) don’t mention the serotype at all, making

comparisons even harder.

The variability is not a problem of LPS alone, but is also present in studies using
Poly(l:C). Different molecular weights (MW) are shaping the pyrogenic activities and
thus elicited immune responses of the Poly(l:C), with high MW Poly(l:C) apparently
leading to more pronounced immune reactions than low MW Poly(I:C) (Mian et al.,
2013; Zhou et al., 2013; Careaga et al., 2018; Mueller et al., 2019). Some studies are
specifically reporting that high MW Poly(l:C) was used in their studies (Howland et
al., 2012; Ballendine et al., 2015; Lins et al., 2018), but similar to the lack of reporting
of LPS serotype used, this is clearly a minority. Kowash et al., 2019, compared
Poly(l:C) from the two most commonly used commercial suppliers, Sigma and
InvivoGen, and found they differed substantially in their biomolecular characteristics.
The analyzed samples differed in MW and endotoxin (i.e. LPS) contamination, with
both factors predicting the maternal IL-6 responses (Kowash et al., 2019). As

maternal IL-6, which is discussed as one of the possible links between MIA and the
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neurobehavioral outcome in the offspring, is commonly used to assess the
effectiveness of the MIA paradigms, with the effects on the offspring being dependent
on the magnitude of the elicited maternal IL-6 response (Smith et al., 2007;
Deverman and Patterson, 2009; Harvey and Boksa, 2014a; Gumusoglu et al., 2017,
Rudolph et al.,, 2018; Haddad et al.,, 2020b), this has consequences for the
interpretation of the outcome of MIA studies. The variable contamination of Poly(I:C)
with endotoxins/LPS has further consequences for the interpretation of Poly(l:C)
studies, as responses previously attributed solely to the TLR3 activation by Poly(l:C)
might instead be attributable to a combined TLR3 and TLR4 activation with
accordingly differing downstream pathways.

In addition to the above, the route of administration (intraperitoneal or subcutaneous)
can influence the immune reaction as well (Meyer et al., 2009a; Bao et al., 2022).
Another factor that is playing a role in shaping the immune response and also the
neurobehavioral outcome of the MIA offspring is the timing of administration (Martin
et al., 1995; Fofie and Fewell, 2003; Meyer et al., 2006b, 2006a, 2009b; Fortier et al.,
2007; Cui et al., 2009; Li et al., 2009; Meyer and Feldon, 2010; Kentner et al., 2019).
Both Poly(l:C) and LPS are injected either during early, mid, or late gestation
depending on the working group (see overview tables 25 to 32 in appendix section
6.1). Some working groups are injecting LPS even throughout the whole gestation
(Borrell et al., 2002; Romero et al., 2007, 2010). As the 2nd trimester of pregnancy
was identified as a critical period for exposure to bacterial or viral infectious agents
with relevance for the increase of schizophrenia in the offspring (Mednick et al., 1988;
Meyer et al., 2008b; Brown and Derkits, 2010), many studies are using a time-
window around GD 14-18 (Golan et al., 2005; Hava et al., 2006; Fortier et al., 2007,
Wolff and Bilkey, 2008; Cardon et al., 2010; de Miranda et al., 2010; Dickerson et al.,
2010; Wolff et al., 2011; Yee et al., 2011; Chlodzinska et al., 2011; Howland et al.,
2012; Maayan et al., 2012; Vorhees et al., 2012, 2015; Enayati et al., 2012; Yin et al.,
2013, 2015; Babri et al.,, 2014; Harvey and Boksa, 2014a; Mattei et al., 2014;
Missault et al., 2014; Van Den Eynde et al., 2014; Ballendine et al., 2015; Vernon et
al., 2015; Wischhof et al., 2015b, 2015a; Zhang and van Praag, 2015; Al-Amin et al.,
2016; Kentner et al., 2016; Luchicchi et al.,, 2016; Santos-Toscano et al., 2016;
Waterhouse et al., 2016; Hsueh et al., 2017; Osborne et al., 2017; Schaafsma et al.,
2017; Straley et al., 2017; Imai et al., 2018; Lins et al., 2018; Simdes et al., 2018;
Swanepoel et al., 2018; Gray et al., 2019; Sheu et al., 2019; Capellan et al., 2019;
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De Felice et al., 2019; Gogos et al.,, 2020). The factor that both rats and mice
including different strains are used, is further adding to this variability, as for example
Wistar rats have been shown to be more susceptible to the effects of LPS in
comparison to Sprague Dawley rats (Fink and Heard, 1990; Lee et al., 2001;
Schwartzer et al., 2013; Bao et al., 2022). Even animals from the same strain but
bought from different vendors may lead to different outcomes in MIA experiments due
to a differing composition of the maternal gut bacteria (Kim et al., 2017). In summary,
many factors are influencing the outcome of MIA experiments, leading to a general
high variability in the MIA literature. This not only complicates the planning and
conduction of further studies, but also complicates the interpretation of the overall
MIA publications, as it is quite difficult to find studies from different labs that are really
comparable with each other, as every study seems to use a different combination of
LPS serotype, dose, injection scheme and gestational timing. Sometimes, relevant
factors are not fully reported in the materials and methods section of publications,
complicating comparisons and making it difficult to draw conclusions, a step
necessary for turning initial hypotheses into theories by accumulation of similar

results, ideally also including direct replication of studies.

This topic of variability and need for more standardization (e.g. dosing based on
endotoxin units instead of mg/kg basis) was already raised more than ten years ago
by Boksa, 2010. Some years ago, Roderick and Kentner, 2019, wrote a short
commentary on Murray et al., 2019, which again describes the same problems
apparent in the literature on MIA research, and state some solutions to improve this
field of research. In the same year, an extensive checklist with reporting guidelines in
order to improve the comparability of results from future MIA experiments was
published (Kentner et al., 2019). Ideally, future publications will adhere to the
proposed guidelines, thus facilitating the comparison of studies while alerting future
new researchers in the field to the problem of the multiple influencing factors. This
could lead new researchers to look a little more carefully at the individual factors
before starting their work, and to plan better thought-out studies in the future. This
thesis attempts to lead by example, and provides the list of all relevant factors
proposed by Kentner et al., 2019 in table 101 within appendix section 6.4.2. One may
note however, that the goal shouldn’t be to fully standardize all MIA experiments in
the future, but rather listing all relevant factors needed to draw conclusions between
studies (Wurbel, 2000; Van der Staay and Steckler, 2002).
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4.2.3. Fever or Hypothermia

There is another factor further complicating the research with MIA models not
explicitly mentioned in the previous section. The general assumption in MIA models
is that when the pregnant dams are injected with pathonegic agents like Poly(l:C) or
LPS, this will lead to a fever-inducing immune response with the release of pro-
inflammatory cytokines like TNF-a, IL-1 and IL-6 (Luheshi and Rothwell, 1996;
Larson and Dunn, 2001; Urakubo et al., 2001; Fortier et al., 2004a, 2004b; Ashdown
et al., 2007; Lowe et al., 2008; Meyer et al., 2009b; Arsenault et al., 2014; Kentner et
al., 2019). However, it was shown that LPS (100 ug/kg, serotype 0111:B4, injected
intraperitoneal on GD 15 and 16, Sprague Dawley rats) seems to result in fever only
in ~60 % of cases, whereas in 30 % it results in hypothermia, and in 10 % no
temperature change was observed (Lowe et al., 2008). The study of Santos-Toscano
et al., 2016, reports that the body temperature of dams receiving LPS (100 pg/kg,
serotype 0111:B4, injected intraperitoneal on GD 15 and 16, Sprague Dawley rats)
differed significantly from SAL dams, with dams from the LPS group showing a lower
core body temperature 2 h after injection. Moreover, the effect of LPS on the body
temperature of rats seems to differ between LPS serotypes, and besides induction of
fever or hypothermia can include a biphasic response of hypothermia preceeding the
fever response as well (van Miert and Frens, 1968; Feldberg and Saxena, 1975; Wan
and Grimble, 1986; Romanovsky et al., 1996, 1998; Dogan et al., 2000; Steiner et al.,
2005, 2011; Akarsu and Mamuk, 2007). The review by van Miert and Frens, 1968, is
showing that such observations of differing responses to LPS in rats is not a new
observation, as they reported such different outcomes already over 50 years ago.

Such differences in the body temperature response can also be observed for
Poly(l:C), as another study reports that seven out of 43 dams (~16 %) injected with
Poly(l:C) (4 mg/kg, high MW on GD 15, Sprague Dawley rats) developed
hypothermia, and four additional dams had body temperatures below 36 °C, totaling
to ~25 % of dams that did not develop fever after the injection (Lins et al., 2018).
Another study is reporting transient hypothermia induction as the main effect of
Poly(l:C) treatment (10 mg/kg, on GD 15, Lister hooded rats) on the rats body
temperature as well (Goh et al., 2020). With regards to mouse models, it was
discussed that hypothermia may even be the predominant response to Poly(l:C) in
mice, only preceded by a short phase of fever (Traynor et al., 2004; Cunningham et
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al., 2007). The study of Toyama et al., 2015, is showing hypothermia instead of fever
as the predominant response to the treatment of Swiss mice with LPS (50, 150 or
300 pg/kg, serotype not stated, injected intraperitoneal on GD 18) as well.

The development of hypothermia after LPS or Poly(l:C) injection is also influenced by
the dose, with high doses of those pathogenic agents leading to more severe
hypothermia and following symptoms of sepsis and septic shock, and pregnant dams
may be more susceptible to the hypothermic effects compared to non-pregnant rats
(Martin et al., 1995; Fofie and Fewell, 2003; Opal, 2007; Liu et al., 2012).
Additionally, room temperature and stress related to the injection seem to influence

the body temperature response of the rats as well (Romanovsky, Andrej, 2005).

As the body temperature change is a consequence of the animals immune response
(Romanovsky, Andrej, 2005), it seems logical that fever and hypothermia are the
result of the release of different cytokine profiles. While fever is discussed to be the
results of the typical pyrogens like TNF-a, IL-1 and IL-6 (Luheshi and Rothwell, 1996;
Romanovsky, Andrej, 2005; Ashdown et al., 2006), other cytokines may be
responsible for the induction of hypothermia. Interestingly, although TNF-a is
discussed to be involved in the fever response, it is also discussed working as a
cryogen leading to the induction of hypothermia (Leon, 2004). However, this
cryogenic action of TNF-a may be the result of different actions of human and murine
TNF-a within rodents (Stefferl et al., 1996). Other anti-inflammatory cytokines that
may be involved in the hypothermic response are IL-4, IL-10 and IL-13 (Hart et al.,
1989; Fiorentino et al., 1991; Nava et al., 1997; Leon et al., 1999; Ledeboer et al.,
2002; Cartmell et al., 2003; Leon, 2004; Woodward et al., 2010; Howes et al., 2014,
Miao et al., 2020).

As a result of such different reactions of dams, for example Lowe et al., 2008,
specifically excluded all dams that did not show a classical fever reaction from their

analysis.
4.2.4. Maternal Weight Loss or Weight Gain

Something else that may be related to the varying immune response of dams to the
treatment with LPS and especially Poly(l:C) is the observation that the immune
response including change in body temperature and plasma cytokine levels may be

associated with a change in maternal body weight within ~24 h after injection of the
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pathogenic agents. In the study by Missault et al., 2014, it was shown that regarding
to weight change 24 h after Poly(l:C) treatment (4 mg/kg, i.p. GD15, Wistar rats)
there were two differing groups of dams. Dams that lost weight after Poly(l:C)
treatment showed a significant increase in plasma levels of TNF-a, which was absent
in those dams that gained weight after treatment. Additionally, behavioral deficits
were shown in the offspring from the weight loss group, which were absent in the
weight gain group, suggesting that maternal weight loss after MIA treatment may be
an indication both for the maternal sickness behavior and immune response and may
also predict the offspring behavioral outcome (Missault et al., 2014). Associations
between Poly(l:C) treatment and weight loss of dams has been shown in several
cases for Sprague Dawley, Long Evans and Wistar rats (Zuckerman et al., 2003;
Zuckerman and Weiner, 2005; Piontkewitz et al., 2011; Richtand et al., 2011; Zhang
et al., 2012; Sangha et al., 2014; Ballendine et al., 2015; De Felice et al., 2019). As
written in section 4.2.2 above, high MW Poly(l:C) may be leading to a more
pronounced immune reaction than low MW Poly(l:C), and in one study using both
high MW and low MW Poly(l:C), only dams from the high MW group reacted with
weight loss after the injection (Careaga et al., 2018). The association between this
weightloss and the fever response including elevated plasma IL-6 and TNF-a levels
has been shown by Fortier et al., 2004b, as well. Lins et al., 2018, report a significant
effect of high MW Poly(l:C) injected on GD 15 on the weight loss of dams which was
correlated with increased serum IL-6 and CXCL1 (chemokine (C-X-C motif) ligand 1)
levels, although no effect on body temperature of dams was observed. Serum TNF-a
was also not affected, but the offspring from weight loss dams showed various
behavioral alterations (Lins et al., 2018). Another study also shows increased plasma
IL-6 levels in the absence of effects on dam weight (Meehan et al., 2017). In contrast,
Harvey and Boksa, 2012, show an associtation between maternal weight loss and
increased plasma IL-6 levels in both Poly(l:C) and LPS. Luchicchi et al., 2016, report
PPl and memory deficits in offspring from Poly(l:C) treated dams that lost weight, and
in the study by Bronson et al., 2011, only the offspring from dams that lost weight
after Poly(l:C) treatment show a decreased amphetamine stimulated locomotion. Two
other studies by another working group are showing that both maternal weight loss
and also reduced weight gain compared to controls after Poly(l:C) treatment affects
the severity of the effects in the offspring (Vorhees et al., 2012, 2015). In contrast, the
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study by Wolff and Bilkey, 2010, reports that the PPI deficits in Poly(l:C) offspring are

unrelated to maternal weight loss or gain.

Considering LPS, the maternal body weight response after insult during pregnancy
seems to be more unclear. On the one hand, in addition to the study by Harvey and
Boksa, 2012, one other study reports an association between LPS treatment and
weight loss as well (Rousset et al., 2006). On the other hand, two other studies report
there seems to be no effect of LPS on maternal weight gain after treatment (Bell and
Hallenbeck, 2002; Delattre et al., 2017).

The observed weight loss after MIA treatment may be related to decreased food and
water intake, which is of specific importance considering that maternal malnutrition
has been implicated as a risk factor for schizophrenia as well (Brown et al., 1996;
Susser et al., 1996; Meyer et al., 2009b).

In summary, the maternal weight response to the treatment may be related to the
immune response and outcome in the MIA offspring, and thus may explain some of
the variability observed in the MIA literature. Within this thesis, the weight gain or loss
after LPS treatment was measured (see table 2 in results section 3), but was not
analysed further due to the generally low sample size (see next section 4.2.5) and
thus expressive power of this study. Generally, in the 20 pg/kg LPS group, weight
gain or loss after the first injection was balanced (1:1 ratio), while in the SAL group,
more dams gained weight than lost weight (2:1 ratio). However, considering only the
subset of litters used for the behavioural experiments, within the 20 pg/kg LPS group,
three dams gained weight and only one lost weight after the LPS injection (3:1 ratio).
The dam that received 100 pug/kg LPS and still delivered offspring did loose weight
after treatment. Again, considering only the subset of litters used for the behavioural
experiments, within the control group, four dams gained weight while only one lost
weight after treatment (4:1 ratio). In case that maternal weightloss would actually be
predicting the effects on LPS offspring and maternal weight gain after treatment may
lead to the absence of statistical significant differences between LPS and control
offspring, the fact that only one of the four 20 ug/kg LPS dams lost weight may be an
explanation for the absence of effects apart from the transient effect on PPl seen

within that group within this study.
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4.2.5. Inflated Sample Size in MIA Studies

When starting the conduct of the experiments within this thesis, the sample size of
animals was planned considering the individual offspring as the experimental unit.
Thus, statistical analysis was planned with conventional repeated measures analysis
of variance (rmANOVA) in mind. However, although this is practiced similarly by
many other working groups within the MIA research community, this approach can
actually be considered incorrect, as we only realized later.

One of the basic assumptions that must be met in order to use the statistical ANOVA
is the independene of measurements (Keselman et al., 1998; Sullivan et al., 2016).
Violating the independence assumption can lead to a serious increase in type | error
rate. For example, even considering only a moderate within group correlation, the
type | error rate may already increase from the typical 5 % to a 37 % error rate,
meaning in more than a third of experiments the null hypothesis is falsely rejected
(Lazic, 2010). For those cases where repeated measurements are taken from the
same animal, the standard ANOVA is modified and a rmANOVA used instead, which
is specifically considering the within-subjects variability separately from the between-
subjects variability and thus controls for the dependence of samples keeping the

type | error rate constant (Gueorguieva and Krystal, 2004; Lee, 2015).

Rodents including rats are multiparous species, giving birth to several offspring
(Rosen et al., 1987; Zorrilla, 1997). Within this thesis, 25 SAL and 26 LPS animals
stemming from 5 SAL treated and 5 LPS treated litters were used. But can the
animals within one litter really be considered as independent units? Research has
shown that actually there are large litter effects apparent, meaning comparing the
individuals within one litter they are more similar in several outcome measure than
when comparing the individuals between different litters with each other (Holson and
Pearce, 1992; Zorrilla, 1997). Ignoring this dependence of multiple nested or
hierarchically organized samples is also known as pseudoreplication, and as
discussed above, may create serious problems with regards to statistical error rates
(Holson and Pearce, 1992; Zorrilla, 1997; Lazic, 2010; Lazic and Essioux, 2013;
Sullivan et al., 2016; Smith, 2017; Eisner, 2021).

Considering that in MIA models, the effects observed in the offspring are thought to

be a result from the immune response elicited in the dams, and the effect on the
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offspring may differ depending on factors such as the production of fever or
hypothermia, weight gain or weight loss, probably related to differing cytokine profiles
(see sections 4.2.2 - 4.2.4 above), ignoring this dependence of littermates may even

be a bigger problem then for other fields of research.

There are different approaches mitigating litter effects in studies of MIA. On the one
hand, there are studies which are only using one offspring from each litter for each
test in order to avoid the problem of pseudoreplication (Liu et al., 2004; Golan et al.,
2006; Romero et al., 2007; Ling et al., 2009; Coyle et al., 2009; Graciarena et al.,
2010; Kirsten et al., 2010a; Chlodzinska et al., 2011; Song et al., 2011; Enayati et al.,
2012; Lin et al., 2012; Babri et al., 2014; Majidi-Zolbanin et al., 2015; Kentner et al.,
2016; Luan et al., 2018; Li et al., 2018; Mouihate et al., 2019). On the other hand,
some calculate the statistical analysis using litter means, again reducing the sample
size to the number of dams used (Baharnoori et al., 2012; Harvey and Boksa, 2014a,
2014b; Vernon et al., 2015; Zhang and van Praag, 2015; Batini¢ et al., 2016, 2017;
Straley et al., 2017; Lins et al., 2018; Gray et al., 2019), while others are using
specific statistical analyses like linear mixed model (LMMs) analysis with litter as
random effects factor nested under treatment controlling the type | error rate
(Vorhees et al., 2012, 2015; Foley et al., 2014a, 2014b; Missault et al., 2014; Van
Den Eynde et al., 2014). However, some working groups seem not to be aware of
this problem at all, ignoring the assumption of independence (Wolff and Bilkey, 2008;
Howland et al., 2012; Santos-Toscano et al., 2016; Waterhouse et al., 2016; Imai et
al., 2018), while many publications are neither stating any information on number of
pups analyzed from each litter but nor stating the use of LMMs or similar procedures
one would expect in order to control for analysis of multiple offspring from one litter
(Borrell et al., 2002; Shi et al., 2003, 2009; Bakos et al., 2004; Poggi et al., 2005;
Ozawa et al., 2006; Fortier et al., 2007; Smith et al., 2007; Meyer et al., 2008a;
Cardon et al., 2010; Dickerson et al., 2010; Romero et al., 2010; Bitanihirwe et al.,
2010; Bronson et al., 2011; Basta-Kaim et al., 2011b; Richtand et al., 2011; Basta-
Kaim et al., 2011a, 2012; Yee et al., 2011; Basta-Kaim et al., 2015; Maayan et al.,
2012; Deslauriers et al., 2013, 2014; Giovanoli et al., 2013; Lipina et al., 2013; Yin et
al., 2013; Khan et al., 2014; Li et al., 2014; Zhu et al., 2014a; Ballendine et al., 2015;
Wischhof et al., 2015b, 2015a; Al-Amin et al., 2016; Fujita et al., 2016; Gonzalez-
Liencres et al., 2016; Han et al., 2016, 2017; Luchicchi et al., 2016; Reis-Silva et al.,
2016; da Silveira et al., 2017; Delattre et al., 2017; Hsueh et al., 2017; Richetto et al.,
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2017; Ronovsky et al., 2017; Schaafsma et al., 2017; Matsuura et al., 2018; Morais et
al., 2018; Simdes et al., 2018; Swanepoel et al., 2018; Capellan et al., 2019; Ding et
al., 2019; Wang et al., 2019; Braun et al., 2019), complicating the interpretation of
those studies with regards to the possible problem of pseudoreplication. Not
considering the dependence of littermates, inflating the sample size and thus type |
error rate, may be one additional part of the general high variability within the MIA

literature.

Within this thesis, it was finally decided to generally use LMMs with litter as random
effects factor nested under LPS dose for all behavioral tests. Actually, the LMM
analysis revealed statistical significance for the effect of Litter on time in the open
arms, head dips and rearings within the EPM. Regarding PPI, there was a trend
towards statistical significance of litter, although one must note this trend
disappeared when including all outlier values within the model in the sensitivity
analysis. Litter effects on the measure of PPl were described by others as well
(Haddad et al., 2020a; Valiquette et al., 2023), while no specific litter effects on EPM
measures seem to be described in the literature. Thus, generally the use of LMMs
seems to have been the correct decision considering those statisitical significant litter
effects. However, in interplay with the dosing problems observed (see section 4.2.1
above), the use of several littermates from few litters leads to a very small sample
size considering dams as experimental units. Regarding the 100 pug/kg offspring, the
data stems from only one litter of a single dam, meaning the treatment effects for this
dose are totally confounded with litter effects. Therefore, it is for example not possible
to know whether the observed effects in the NOR test for this group is a real
treatment effect. Considering that one of the control litters had results very similar as
this one LPS litter (data not shown), it may simply be a random litter effect.
Considering dams as experimental unit from the beginning and thus using offspring

from 15-25 dams instead of only 5 would have been a statistically better approach.

There are also publications discussing this issue which are suggesting the
dependence of littermates or pseudoreplication in general is not such a big problem
as sometimes is suggested (Schank and Koehnle, 2009; Giovanoli and Meyer, 2013;
Davies and Gray, 2015). Actually, with focus on MIA research, there are also hints
that not all animals within one litter are affected in the same way, even though the

basic immune response from their mother is shared between littermates. For
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example Missault et al., 2014, also observed mRNA levels of inflammatory cytokines
in individual foetuses, and observed that littermates had comparable responses in
some litters, while within other litters the responses to the treatment was quite
different between littermates, suggesting there may be ‘responders’ and ‘non-
responders’ being affected differently by the maternal immune response. Another
study reports that MIA initiated by influenza virus in mice may alter the gene
expression differently for each pup within a single litter (Garbett et al., 2012). As there
may be effects on the blood flow to individual uterine segments within the uterine
horn differing depending on the location (Even et al., 1994), individual fetuses may

be affected differently by the maternally released cytokines (Fasolino, 2018).
4.3. Statistical considerations

"To consult the statistican after an experiment is finished is often merely to ask him to
conduct a post mortem examination. He can perhaps say what the experiment died
of." (Fisher, 1938).

This famous quote from one of the driving forces behind several methods of statistics
that we encounter everywhere in the scientific literature today is already 85 years old,
but is by no means aged. | myself was not very firm with statistical knowledge myself
when starting the work for this thesis. Everything going beyond the use of the
standard repertoire of statistical tools like the t-tests and ANOVAs (Ali and Bhaskar,
2016) were things | might have read from, but did not know how to exactly utilize.
Linear mixed models and the concept of random factors were unknown to me at that
time. However, due to backslashes like the abortive effect of the higher LPS dose
used (described in section 4.2.1 above) | consulted a large amount of literature about
MIA models as well as from the statistical domain, and when | realized that this thesis
was about to join a series of publications ignoring the assumption of independence
due to the use of inappropriate statistical methods (discussed above in section 4.2.5),
| did the only thing that felt right: | threw the initial planned statistics overboard, spent
almost a year training myself in the use of statistical methods like LMMs and finally
did the statistical analysis as described in this thesis. On this journey, different
models were tried which are not reported here as that would have been too
extensive. Therefore, although we had initial hypotheses regarding the outcome of
the behavioural experiments due to previous experiments to begin with, as different
statistical models were tried before it was settled onto the use of LMMs for the
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behavioural data, even the behavioural part of this thesis can no longer be
considered confirmatory, and this whole thesis should be understood falling into the
exploratory domain instead (Fife and Rodgers, 2022). While the analysis of the rs-
fMRI data had its own pitfalls, as described in section 4.3.1 below, the use of LMMs
for the behavioral data solved the problem of dependence and also had other
advantages, such as when in the EPM or NOR test some data points were excluded
(described in sections 3.1.1 and 3.1.3) it was no longer required to leave out the
whole data from those animals, as LMMs are naturally handling missing values
(Gueorguieva and Krystal, 2004; Quené and Van Den Bergh, 2004). Another way to
solve the problem of dependence of littermates would have been using only one pup
per litter, a practice done by some working groups doing research with MIA (as
described in section 4.2.5 above). This would have led to being able to use the
simpler analysis of a standard repeated measure ANOVA again, but as the problem
of independence in MIA research was only discovered after a bigger part of the data
was already collected, this was no longer a viable option. However, for the design of
future experiments, researchers should be aware of such flaws, and may design the
experiment in a way to be able to use the simpler models as these usually have a

greater statistical power (Lazic, 2008).

On the other hand, using more complex models may give additional insight into the
data when the sample size allows this. Considering the EPM data, where more than
one dependent variable were collected in a single test, fitting a multivariate mixed
model instead of several univariate mixed models might have been a better solution,
similar as the use of a MANOVA can have benefits such as greater statistical power
over the use of several ANOVAs (Spector, 1981). However, fitting such multivariate
LMMs is computationally nontrivial (Zhou and Stephens, 2014) and is currently not
yet officially implemented in the Ime4 package used (Dworkin and Bolker, 2021).
Also, in the LMM analysis used, only random intercepts per animal were included.
However, the assumption that the slope (i.e. change in the dependent variable over
time) is the same for each animal must not be true, especially in the field of MIA
considering there are some hints that the individual offspring may be affected
differently by the treatment (Garbett et al., 2012; Missault et al., 2014). Plotting the
individual animals measurements for NOR, PPI or other observations over time gave
a hint that there actually were different slopes for different animals (data not shown).

However, it was not possible to model these different slopes in the LMM analysis, as
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the sample size was too small to solve all equations. Considering that individual
animals may be affected differently by the treatment, one also may consider looking
for such individual differences in the data. For example, the study by Golan et al.,
2006, investigated several behavioural measures in an MIA model and used
hierarchical clustering analysis by which two different clusters where observed in the
data, one for most control animals and one for the MIA animals. Even if not all
animals in an MIA experiment will show deficits, such a clustering anaylsis may still
be able to reveal cluster of those animals which show deficits. Also, by combining
multiple domains such as behavioural, rs-fMRI and histological data all in one
clustering analysis, this could provide additional insights that can not be revealed

using statistical tests within one domain alone.

Today, the choice of statistical methods gets more and more complex, especially
since computational power increases. The history of linear mixed model analysis
including random effects goes back as far as 1919 when Ronald Fisher introduced
random effects models to study the correlations between relatives on the supposition
of Mendelian inheritance (Fisher, 1919). However, due to computational complexity
of these models, they were not used for a long time. One of the first to use mixed
models for the analysis of longitudinal data seems to be Laird and Ware, 1982, but it
still took until the 1990s and the increase in computing power of modern computers
until more and more researches began to implement these models (Gueorguieva and
Krystal, 2004). Besides LMMs, there are other options to choose from as well, such
as general equation models (GEEs), making use of the so called ‘sandwich
estimator’, which generally should provide similar results as LMMs, but may be
beneficial in some situations (Freedman, 2006; Hubbard et al., 2010). This
abundance of choices makes it not easy for the unexperienced researcher to select
the correct procedures, leading to accumulation of errors in the scientific literature,
that are also not corrected via the peer-review procedure (Schroter et al., 2008;
Brown et al., 2018), probably due to a lack of statistical knowledge by the
researchers performing the peer-review themselves (Goodman et al., 1998; Hoekstra
et al., 2012). Changing and improving the statistical education in the future may help
(Snee, 1993), but considering not only statistics but nearly all aspects of science get
more and more complex today, it is quite optimistic to assume all researchers will
learn complex modeling techniques themselves. Thus, where possible, collaborations

with statisticians are advisable where possible (Fife, 2020), and the statistical
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planning should go hand in hand with the planning of the experiments and not

happen afterwards.
4.3.1. Statistical considerations for (rs)-fMRI

Compared to the analysis of the behavioural data, which already may not be trivial for
the average scientist with limited statistical knowledge, the statistical analysis of fMRI
data poses an even higher challenge. The total amount of complex data that needs
to be analyzed within studies measuring fMRI is overwhelming (Lazar et al., 2001;
Lindquist, 2008). Within this thesis, one measured fMRI volume consisted of 4608
voxels. For each animal, over the 12 minute resting-state scans, 400 image
repetitions were measured, totaling to 1843200 voxels for one animal on one time
point. Each of the 20 animals was scanned on four different time points throughout
their lifes, adding up to over seven million data points for only one animal. As ICA
was used to analyze the resting-state data, which is reducing the raw fMRI data to a
lower-dimensional space (Lindquist, 2008), this illustration may exaggerate the
problem a bit, but it is still a big difference if one wants to statistically compare 80
data points collected for 20 animals in the NOR test with each other, or if one wants
to compare the 368640 data points of only one IC for the same animals with each

other.

In order to statistically compare fMRI data, the current practice is still to do a series of
multiple comparisons, i.e. calculating one statistical model for each voxel within the
brain seperately. Because running multiple tests will on average produce five percent
false positive results, which for the example of the 4608 voxels from the rat brain
measured in this thesis would mean on average ~230 voxels will falsely return a
statistically significant result, afterwards a correction for multiple comparisons
(usually family wise error rate, FWER, or false discovery rate, FDR correction) is
applied to control the type | error rate (Lindquist, 2008; Lieberman and Cunningham,
2009; Lindquist and Mejia, 2015).

The analysis of longitudinal fMRI data as collected within this thesis further
complicates the statistical comparisons by adding another dimension to the data. The
general linear model (GLM) which is still the standard method for statistical inference
in fMRI does not easily handle longitudinal data (Mcfarquhar, 2018). Nevertheless,

there are different methods available, including the mixed model approach (Skup,
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2010). However, with more complex experimental designs, the realization of such
mixed effects analyses in the typical software packages such as SPM12 or FSL is
either not possible or very complex to implement (McFarquhar et al., 2016). The
widely used FSL package, which was also used for running the ICA within this thesis,
relies on specification of a design matrix in order to run a statistical analysis.
Specification of the correct design matrix for the experimental design of this thesis,
consisting of three dose groups with a differing amount of animals each, and four
measurements in each animal, turned out to be a non-trivial task. In addition, FSLs
algorithm assumes compound symmetry (sphericity) due to the underlying ordinary
least squares (OLS) estimation, which is not necessarily true especially with unequal
spacings between the longitudinal measurements (Huynh and Feldt, 1970; Guillaume
et al., 2014; McFarquhar et al.,, 2016). Thus, in the end, the MRM toolbox
(McFarquhar et al., 2016) was chosen to analyze the rs-fMRI data as this package

allowed simpler analysis without manual specification of such a design matrix.

In line with the lack of model assessment in the general scientific literature (Hoekstra
et al., 2012), the statistical model assumptions in fMRI studies are rarely assessed
and less often reported (Razavi et al., 2003). That is not surprising, considering the
high amount of data points are making it unpractical to check assumptions for every
voxel. However, it should at least be checked whether the model assumptions seem
appropriate for the peak voxels of interest (Poline and Brett, 2012; McFarquhar et al.,
2016). The MRM toolbox used within this thesis theoretically allows the examination
of the model assumptions through a number of standard residual plots and inferential
tests (McFarquhar et al., 2016), however, the toolbox is programmed in a way which
makes this assessment unsuitable for rat brain data, as the voxels to be checked can
only be selected according to the human MNI template coordinate system, whereas

no visual selection is possible.

Despite analysis with the MRM toolbox, analyzing the data using a GEE model such
as the sandwich estimator (SwE) would theoretically have been another option
(Guillaume et al., 2014, 2015; Guillaume, 2015). However, the SwE tool for FSL was
implemented only recently by the end of 2019, and the first years after the release
nearly no user guidance was available. However, a user guide was added to the FSL
website recently, making this a more accessible option for future longitudinal studies

collecting fMRI data.
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4.4. Inflammation and neuropsychiatric disorders

Because LPS itself does not appear to cross the placental barrier in pregnant rats
(Goto et al., 1994; Ashdown et al., 2006), the involvement of proinflammatory
cytokines of maternal origin has often been considered as an intermediate link
(Lanté et al., 2007). In addition to MIA, being a stressor itself, other forms of stress
during pregnancy, for example maternal malnutrition (Susser et al., 1996; St Clair et
al., 2005; Penner and Brown, 2007), the experience of severe adverse life events
(Khashan et al., 2008), or obstetric complications (Geddes and Lawrie, 1995; Cannon
et al.,, 2002; Byrne et al, 2007) have been implicated as risk factors for
neuropsychiatric disorders as well. And in the recent years, evidence is growing
suggesting that stress itself is able to induce inflammatory responses in the brain and
periphery, also leading to elevated circulating cytokines (Rohleder, 2014; Calcia et
al., 2016; Liu et al., 2017), further strengthening the hypothesis that inflammation
may be the intermediaty link between MIA or other prenatal stressors and the
development of neuropsychiatric disorders like schizophrenia (Hantsoo et al., 2019).
However, although proinflammatory cytokines participate in the neurodevelopmental
damage, they probably do so in response to another signals, and one of the possible
candidates in this respect is oxidative stress (Lanté et al., 2007). There is increasing
evidence for elevated oxidative stress, as well as a reduced antioxidant defense in
schizophrenia (Mahadik and Mukherjee, 1996; Do et al., 2000; Lanté et al., 2007;
Young et al., 2007; BoSkovi¢ et al., 2011; Anderson et al., 2013; Moniji et al., 2013;
Emiliani et al., 2014; Leza et al., 2015). Oxidative stress is also known to participate
in the host response to LPS (Salvemini and Cuzzocrea, 2002), and thus may be an
explanation for the effects of prenatal immune challenge in the LPS and Poly(l:C)
model (Lanté et al., 2007). Oxidative stress is a result of an imbalance between
increased production of reactive oxygen species (ROS) and a deficient antioxidant
defense (Emiliani et al., 2014). As it is not easy to directly measure an increase in
ROS, oxidative stress is usally measured indirectly e.g. via protein carbonylation,
lipid-peroxidation (for example thiobarbituric acid related substances (TBARS)) or
DNA damage (for review, see Kateriji et al., 2019). Another way to measure oxidative
stress is to measure the antioxidant defense, such as the nonenzymatic antioxidant
glutathione (GSH) (Katerji et al., 2019). Reduced GSH levels have been observed
both in human schizophrenic patients (Do et al., 2000, 2004; Gysin et al., 2007;
Lavoie et al., 2008; Matsuzawa et al., 2008; Wood et al., 2009) and in animal models
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such as the Poly(l:C) (Ribeiro et al., 2013) or LPS model (Kheir-Eldin et al., 2001;
Ling et al., 2002, 2004b, 2004a, 2006; Lanté et al., 2007; Zhu et al., 2007; Paintlia et
al., 2008). In addition, GSH deficient mouse models show behavioural and cellular
deficits that overlap with other animal models for schizophrenia (Steullet et al., 2006,
2010; Kulak et al., 2012). One way of measuring GSH is via "H-NMR spectroscopy
(Trabesinger et al., 1999; Do et al., 2000). Thus, it was decided to indirectly measure
Glutathione (GSH) via 'H-NMR spectroscopy using a PRESS sequence in the
prefrontal cortex, a brain area often implicated in the deficits seen in schizophrenic
patients (Weinberger et al., 2001; Barch, 2005; Salgado-Pineda et al., 2007), within
the MRI sessions that the animals underwent within this thesis in addition to the rs-
fMRI measurements. The analysis of this NMR spectroscopy data was not part of this
thesis, but this data will still allow further links between LPS and oxidative stress to
be investigated in the future. Generally, combining such measurements is adviced for
future studies measuring rs-fMRI in MIA models, as this additional NMR
spectroscopy measurement does only take a short amount of additional time when

the animals are positioned in the MRI scanner anyway.

One source of ROS which play a role in oxidative stress are activated microglia
(Simpson and Oliver, 2020), and schizophrenia is also linked with chronic activation
of microglia (Moniji et al., 2009, 2013). In activated microglia, a protein called ionized
calcium binding adaptor molecule 1 (Iba-1) is upregulated (Sasaki et al., 2001;
Wittekindt et al., 2022), and thus can be used for the visualization of microglial cells
by targeting them via immunohistological staining techniques. After finishing all
experiments on GD~100, the animals used within this thesis were perfused and their
brains used for immunohistochemistry staining targeting microglia with an I|ba-1
antibody staining. Similar as with the GSH measurements mentioned above, analysis
of this data was not part of this thesis, but will allow the investigation of the
connection between LPS, oxidative stress and the involvement of activated microglia
in the future. Also, a smaller cohort of ten LPS and ten SAL animals perfused on
PD 30 in addition, allowing for detection of microglial changes over time by

comparing the juvenile brains with those of the adult animals.
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4.5. Conclusion and Outlook

To conclude, no effects of LPS treatment on rs-fMRI connectivity could be observed
within this thesis. However, whether the implementation of the LPS model really

worked as intended remains questionable.

The initially planned dose of 100 pg/kg LPS, which was also used by others in the
past, led to viable offspring only in one dam. This litter showed effects on object
recognition memory as well as time spent in the center and rearings in the EPM.
However, deficits in PPI, which often are used as a benchmark test for the validity of
animal models for schizophrenia, were absent. Considering there may be litter effects
in the LPS model, and thus considering the dam as the experimental unit, this leads
to a sample size of one for this dose anyway, which makes drawing any conclusions

impossible.

Reducing the dose to 20 ug/kg LPS, which was supported by the potency of the lot of
LPS used (measured in endotoxin units), led to viable offspring which actually
showed a transient PPI deficit on PD~66. However, no other behavioral deficits could
be observed. Again, considering the litter effects and dams as the experimental units,
the sample size for this group is still very low (n = 5). With regards to the rs-fMRI
measurements, the sample size is even lower, as only six animals from two dams

were scanned in the MRI from the 20 pg/kg LPS group.

Unfortunately, no direct confirmation of the maternal immune response was carried
out, e.g. via measurement of maternal serum/plasma levels of inflammatory
cytokines. Sickness behavior of the dams was tried to be monitored but the
observations were deemed unsuitable (observer not being blind and not using a
standardized scale to note the observations). As the development of the maternal
weight on the days after the LPS injection was measured, which is sometimes linked
to the maternal immune response within the literature, at least an indirect measure
for confirming the immune response was available. The dam that received 100 ug/kg
LPS and still delivered offspring did loose weight after treatment. The distribution of
weight loss and weight gain in the control group was comparable to that in the
20 pg/kg LPS group. Three dams treated with 20 ug/kg LPS gained weight and only
one lost weight after the LPS injection, which could be an indicator of the lack of an

inflammatory immune response in most of the dams from this group. However, as the
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link between weight loss and the maternal immunge response is not fully confirmed
yet, especially not yet in the LPS model (most of the hints are coming from the
Poly(l:C) model), this remains pure speculation.

The bottom line that can be drawn from this thesis therefore remains that
experiments using the MIA model are a complex matter with many influencing factors
that must be considered in order to generate meaningful results. In order to improve
the MIA research in the future, the pathogenic agent used should be carefully
considered. Once decided, one should consider running dose-response studies
beforehand with the batches/lots of LPS or Poly(l:C) to be used in order to find the
optimal dose, which is producing viable offspring and also eliciting the maternal
immune response expected, as already practiced by some working groups (Fortier et
al., 2004a; Meyer et al., 2005; Missault et al., 2014). The immune response should
be confirmed by measurement of serum or plasma cytokine measurements such as
IL-6 or TNF-a. Additionally, measuring the body temperature in order to confirm fever
or hypothermia is advised. As rectal temperature measurements in rats can lead to a
rise in body temperatue due to the measurement itself (Dangarembizi et al., 2017),
the use of an implanted telemetry system allowing wireless readout of the body
temperature is adviced instead. Considering the planning of the sample size,
researchers should be aware of potential litter effects and thus include the possible
mitigation strategies such as only using one pup per litter, litter-mean statistics or
statistical models such as LMMs in their considerations in order to being able to
obtain meaningful results in the end. The exact methodology should be reported in
publications for example using the proposed reporting guidelines published by
Kentner et al., 2019. The publication and attached reporting guideline by Kentner et
al., 2019, generally provides a good overview of what to consider when planning

future MIA experiments.
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