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Abstract

Abeer Al-Shammari. Novel functions of schizophrenia-related dysbindin-1 in the
subventricular zone. St Anne’s College. Submitted in partial fulfilment for the
degree of Doctor of Philosophy. Michaelmas term, 2016.

Schizophrenia is a neurodevelopmental disorder that has widely been associated with
environmental and genetic risk factors. However, direct functional interactions
between the two risk factors remain unclear. Therefore, I sought to address how the
schizophrenia-related dysbindin-1 may functionally mediate polyl:C-induced
inflammation and the importance of this interaction on neurodevelopment in the
subventricular zone (SVZ). I focused on the SVZ niche since it lies at the interface
between systemic inflammation and neurogenic homeostasis. The interacting effects
of dysbindin-1 and polyl:C on microglia, cytokine secretion and leukocyte
permeability into the SVZ were also characterized.

Multiple systemic polyl:C injections during early postnatal development in
dysbindin-1 mutant (Sandy, Sdy) mice resulted in reduced adult SVZ proliferation
and reduced neuroblast populations in the rostral migratory stream (RMS). This was
also correlated with reduced prepulse inhibition, decreased locomotor activity, object
recognition deficit as well as long-term reduction in body weights in adulthood.
Postnatal SVZ proliferation was also reduced in Sdy mice given postnatal polyl:C
indicating a neurodevelopmental origin of these abnormalities in adulthood. In
contrast to these results, adult SVZ proliferation as well as proliferation and
neuroblast populations in the RMS were unaffected in transgenic mice overexpressing
neuregulin-1 type I (NRG1"""'€) and Snap25 mutant (SNAP25™") mice that were not
immune challenged.

I analyzed the expression of toll-like receptor 3 (TIr3), RelA and Spl which
are important in the innate immune response and cell proliferation in order to
determine how dysbindin-1 and polyl:C mediate their expression. Polyl:C
administration to WT SVZ in vivo and in vitro induced the expression of its receptor
TIr3 and the downstream transcription factors RelA and Spl indicating a normal
inflammatory response. Unexpectedly, in vitro and in vivo polyl:C administration also
increased dysbindin-1 expression in WT SVZ, suggesting an inflammatory role for
dysbindin-1. This was confirmed in Sdy mice that showed inhibited Tlr3, RelA and
Sp1 expression in the SVZ following polyl:C administration both in vivo and in vitro.
Furthermore, overexpression of dysbindin-1 (Dtnbpl) gene rescued Tlr3 and RelA
expression in vitro in neurospheres prepared from Sdy mice. Supporting the notion
that dysbindin-1 regulates immune function, SVZ microglial density was higher in
Sdy than in WT mice. Also, more leukocytes were found in the postnatal SVZ of Sdy
mice following systemic polyl:C injections than in WT mice given saline. Finally,
differential cytokine secretion was detected in Sdy neurospheres in comparison to WT
neurospheres under baseline and inflammatory conditions. Taken together, I report
novel functions of the schizophrenia-relevant dysbinidin-1 in regulating microglial
density in the SVZ, and provide evidence for a direct interaction between dysbindin-1
and polyl:C-induced inflammation that is required for maintaining SVZ proliferation,
mediating cytokine secretion and restricting leukocyte infiltration into the SVZ. This
work provides a novel mechanistic framework for further studying the relationship
between genes and environment in the context of schizophrenia.
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1.1 Overview of schizophrenia

Schizophrenia is the most common mental disorder affecting 1% of the total
population. It is a devastating disease that affects perceptions, thoughts, speech and
behaviours of the patient with negative consequences on the caregivers or even the
wider community (reviewed in (Schultz et al., 2007)). Schizophrenia is characterized
by positive and negative symptoms with onset usually during late adolescence and
early adulthood. Positive symptoms include hallucinations, delusions, disorganized
speech and thoughts and aggressive behaviour, whereas negative symptoms include
social withdrawal, loss of motivation and lack of emotions. Overall, patients with
schizophrenia have higher mortality rate, due to suicide (10% lifetime risk), than the

general public (reviewed in (Schultz et al., 2007)).

Although the exact aetiology of schizophrenia is still unclear, it is widely
accepted as a neurodevelopmental disorder influenced by both genetic and
environmental factors. As shown in Table 1.1, the prevalence of schizophrenia is
higher in individuals with a family history of the disorder than in the general
population. Moreover, monozygotic and dizygotic twins from schizophrenic parents
are more likely to develop schizophrenia than their second- and third-degree relatives,
highlighting an important role of genetic predisposition in disease prevalence (Table
1.1). The heritability of schizophrenia is further emphasized in a recent genome-wide
association study (GWAS) that showed significant association of 108 genetic loci
with schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics,

2014).



Table 1.1 Family history and schizophrenia

Family history

21

Approximate lifetime
incidence (%)

None (e.g., general population)

Third-degree relative (e.g., first cousin)
Second-degree relative (e.g., niece or nephew)
First-degree relative (e.g., parent, child, sibling)
Dizygotic twin

Monozygotic twin

Adapted from (Schultz et al., 2007)

1
2
2to6
6 to 17
17
50

Since the incidence of schizophrenia is only 50% in genetically identical

monozygotic twins, this may indicate a causative role of the environment (reviewed in

(Schultz et al., 2007)). As shown in figure 1.1, various environmental insults during

prenatal or early postnatal life may impact brain development and hence increase the

chance of developing schizophrenia in adulthood.

Birth in winter Not breastfed [¢ Premature birth \
- Low birth weight
Deprived of
— maternal /
Viral or seasonal antibodies Intra- or perventricular
infection during AN haemorrhage
pregnancy ? \
A\ N4

3 Infant susceptible to infection

|

| Defect in brain development

Figure 1.1 Environmental risk factors of schizophrenia

I show a summary of various environmental risk factors of
schizophrenia in which all may lead to a defect in neurodevelopment.
(?) indicates uncertainty of direct influence.
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1.2 Dysbindin-1 (Dtnbp1) as a risk gene for schizophrenia

1.2.1 Dysbindin-1 overview

The dysbindin protein family consists of three paralogs (dysbindin-1, -2 and -3) in
which all share a homologous protein region called the dysbindin domain (DD). Each
of these paralogs is encoded by a different gene and exists in multiple isoforms. To
date, dysbindin-1 is the only paralog shown to associate with schizophrenia (reviewed
in (Talbot et al., 2009)). Dysbindin-1 protein is encoded by dystrobrevin binding
protein-1 (DTNBP1) gene, which is located in chromosome 6p22.3 in humans and
chromosome 13 A5 in mice. Dysbindin-1 is ubiquitously expressed in various tissues,
such as brain, skeletal muscle, heart, kidney, liver and more. In the brain, the majority
of studies considered dysbindin-1 expression to occur primarily, if not exclusively, in
neuronal cell populations (reviewed in (Talbot et al., 2009)). However, evidence from
rodent brain showed comparable, if not higher, expression of dysbindin-1 in glial cells
(i.e. astrocytes and oligodendrocytes) than in neurons (Ghiani et al., 2010). Moreover,
dysbindin-1 was detected in glial cells in Drosophila, the majority of which were
found in glial processes surrounding neuronal cell bodies with partial distribution in
glial cell bodies (Shao et al., 2011). Also, dysbindin-1 expression was identified in
astroglia endfeet surrounding blood vessels as well as in capillary endothelial cells in
mouse brain tissue (Iijima et al., 2009). However, it is still to be determined if

dysbindin-1 is also expressed in microglia.

So far, three isoforms of dysbindin-1 protein are identified in humans
(dysbindin-1A, -1B and -1C) and only two isoforms are found in mouse (dysbindin-

1A and -1C) (reviewed in (Talbot et al., 2009)). Dysbindin-1A and -1C in humans are
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highly homologous to their corresponding isoforms in mouse. The full-length
dysbindin-1A protein consists of three basic domains: an amino terminal region
(NTR), a coiled-coil domain (CCD) and a carboxy terminal region (CTR) as shown in
figure 1.2A. However, dysbindin-1B lacks a fragment of the CTR (i.e. PEST domain),
whereas dysbindin-1C lacks the entire NTR (reviewed in (Talbot et al., 2009)).
According to Talbot ef al (2011), human dysbindin-1 isoforms are differentially
distributed in subsynaptic compartments. As illustrated in figure 1.2B, dysbindin-1A
is predominately localized in postsynaptic densities (PSD) but undetectable in
synaptic vesicles (SV) (Talbot et al., 2011). However, dysbindin-1B is abundant in
SV and almost absent in PSD. Dysbindin-1C is detected in small amounts in SV but
far more abundant in PSD (Talbot et al., 2011). On the other hand, dysbindin-1
isoforms in mouse also have distinctive distributions in subsynaptic regions. In
mouse, both dysbindin-1A and -1C are found in PSD, however dysbindin-1A is more
enriched in presynaptic membranes whereas dysbindin-1C is mainly localized in SV
(Wang et al., 2014). Furthermore, dysbindin-1 isoforms show different temporal
expression in mouse brain. From postnatal to adult ages, dysbindin-1A protein levels
gradually decrease whereas dysbindin-1C levels gradually increase in the
hippocampal formation of mouse brain (Wang et al., 2014). However, it is still to be
determined if dysbindin-1 isoforms in human brain are also developmentally

regulated.
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NTR CCD CTR
A
CCD = Coiled-coil domain
| | — | | | | | |
CTR = Carboxy terminal region [ 81 LZM SR 181 214 256 294 351 aa

DD = Dysbindin domain

H1 = NT helix of CCD

)
o — [ I I X1 [RREIE X2 | 18
. . | | — | | | | |
=S Une SRpeamglL 1 81 LZM SR 181 214 256 303
NTR = Amino terminal region
PD = PEST domain
SR = Stutter region of CCD D R X1 BEBER X2 [PDE] 1c
. | — | | | | | |
X = Uncharacterized CTR
segment 1 LzZM SR 100 133 175 213 270

Axon Terminal

Dendritic Spine

Figure 1.2 Structure and subsynaptic localization of dysbindin-1 isoforms in
humans

(A) Structure of human dysbindin-1 isoforms (-1A, -1B & -1C). Dysbindin-1A mainly
consists of amino terminal region (NTR), coiled-coil domain (CCD) and a carboxy
terminal region (CTR). Dysbindin-1B lacks PEST domain (PD) in CTR, whereas
dysbindin-1C lacks the whole NTR. In mouse, only dysbindin-1A and -1C are found
and are structurally similar to their corresponding isoforms in humans.

(B) Distribution of dysbindin-1 isoforms in human synaptosomes. Dysbindin-1A is
mainly localized in postsynaptic density (PSD) and dysbindin-1B in synaptic vesicles
(SV). Dysbindin-1C is identified in both PSD and SV although it is predominately
localized in PSD.

Image (A) adapted from (Talbot et al., 2011) and (B) from (Talbot et al., 2009).
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1.2.2 Human dysbindin-1 and schizophrenia

Dysbindin-1 was discovered by Benson and colleagues in 2001 (Benson et al., 2001).
Soon after that, single nucleotide polymorphisms (SNPs) and/or haplotypes within
human DTNBP1 gene were shown to associate with schizophrenia (Straub et al.,
2002). This association was further confirmed in various populations (reviewed in
(Talbot et al., 2009)). Although it is unclear if risk variants of DTNBP1 gene affect
the level of its expression, there are multiple lines of evidence that dysbindin-1 levels
are reduced in schizophrenia. Reduction in dysbindin-1 expression was reported in the
dorsolateral prefrontal cortex (DLPC) and the hippocampal formation (HF) of
schizophrenic patients at both the messenger RNA (mRNA) (Weickert et al., 2008,
Weickert et al., 2004) and protein levels (Tang et al., 2009, Talbot et al., 2004).
Interestingly, reduction of dysbindin-1 protein was found to occur in isoform-specific
manner in schizophrenia. Synaptic dysbindin-1A was shown to decrease in the
posterior half of the superior temporal gyrus (pSTG) whereas dysbindin-1B and -1C
were decreased in the HF of schizophrenic patients (Talbot et al., 2011). Given the
distinctive subcellular distributions of dysbindin-1 isoforms, the authors concluded
that the reduction in postsynaptic dysbindin-1A in pSTG of schizophrenic patients
might promote dendritic spine loss and hence abnormal auditory processing.
However, reduced dysbindin-1B and -1C in HF of both pre- and postsynaptic regions
might promote disrupted spatial working memory in schizophrenia (Talbot et al.,

2011).
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1.2.3 Sandy mouse: Dysbindin-1 mutant

Sandy (Sdy) mice naturally arose at the Jackson Laboratory in 1983. Although these
mice are fully viable, they are characterized by diluted pigmentation (albinism) in
both eyes and coat (hence the name Sandy) as well as prolonged bleeding times after
injury (fig.1.3A-B) (Swank et al., 1991). Genetic tests determined that these
phenotypes are due to an autosomal recessive mutation in chromosome 13 (Swank et
al., 1991). However, it was not until 2003 in which a genetic and physical mapping
study identified a specific mutation in Dtnbpl gene that causes the observed
phenotypes in Sdy mice (Li et al., 2003). As shown in figure 1.3C, Dtnbpl mutation
in Sdy mice is an in-frame deletion from intron 5 to intron 7, which results in the
removal of exons 6 and 7 (Li et al., 2003). This Dtnbpl mutation is not a null mRNA
mutation because the mutant Dtnbp1 gene is still transcribed in heterozygous and Sdy
mice but the mRNA produced is of shorter length compared to wild-type (WT) mice

(fig.1.3D).

In the protein level, Dtnbpl mutation in Sdy mice results in the deletion of 52
amino acids in the CCD of dysbindin-1 protein (Li et al., 2003). Therefore, it is
predicted that absence of intact CCD may lead to a rapid degradation of dysbindin-1
protein in Sdy mice (fig. 3E) due to failure of dysbindin-1 to form stable interactions
with its normal binding partners (e.g. BLOC-1, see section 1.2.5 below). As shown in
figure 1.3F, expression of both dysbindin-1A and -1C isoforms were reduced in
heterozygous brain but completely lost in Sdy brain (reviewed in (Talbot, 2009)).
Although the authors referred to bands marked with asterisks in figure 1.F as non-

specific, these bands might actually represent dysbindin-1C. Another group also used
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the most widely accepted dysbindin-1 antibody to date (PA3111), and they still
detected this extra band in Sdy brain (Larimore et al., 2014). Therefore, dysbindin-1A
might be completely lost in Sdy brain, however dysbindin-1C may still exist. I have

further discussed this in Chapter 6.

1.2.4 Sandy mouse as a model of schizophrenia

Following the discovery of Dtnbpl mutation in Sdy mice as well as the reported
abnormalities of dysbindin-1 in schizophrenic patients, this stimulated the question of
whether Sdy mice can be used as a model of schizophrenia. Interestingly,
electrophysiological and neurobehavioural characterization of Sdy mice indicated
their relevance to the disease. For example, abnormalities in dopaminergic (Nagai et
al., 2010, Hattori et al., 2008), glutamatergic (Chen et al., 2008, Jentsch et al., 2009)
and GABAergic (Ji et al., 2009) neurotransmission were all reported in the brains of
Sdy mice, providing a model of disrupted neural transmission in schizophrenia.
Furthermore, schizophrenia-like behaviours such as reduced pre-pulse inhibition (PPI)
(Carlson et al., 2011), cognitive deficits (Feng et al., 2008, Bhardwaj et al., 2009) and
social withdrawal (Feng et al., 2008, Hattori et al., 2008) were also reported in Sdy

mice.
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Figure 1.3 Dysbindin-1 (Dtnbp1) gene mutation in Sandy (Sdy) mouse and its effect
on gene transcripts and protein expression

(A-B) Sdy mice are characterized by diluted coat colour compared to wild-type mice.

(C) Structure of Dtnbp1 gene in which introns 5-7 (that includes exons 6-7) are deleted in
Sdy mice. This results in a large deletion of 38,129kb.

(D) Relative size of Dtnbpl transcripts in WT (+/+), heterozygous (+/-) and Sdy (-/-)
mice as shown with northern blots of kidney, brain and heart tissues.

(E) In Sdy mice, Dtnbpl mutation results in deletion of 52 amino acids in coiled-coil
domain (CCD) of dysbindin-1 protein.

(F) Western blots showing level of dysbindin-1A and -1C proteins in brain synaptosomes
of +/+, +/- and -/- mice. Asterisk (*) referred to as non-specific bands by the authors.

Image adapted from (Talbot, 2009).
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1.2.5 Sandy mouse: biochemical abnormalities

Dysbindin-1 is a member of the biogenesis of lysosome-related protein complex-1
(BLOC-1). As shown in figure 1.4A, BLOC-1 consists of eight binding partners:
muted, snapin, pallidin, cappuccino and BLOC-1 subunits 1-3 (BLOS1-3) in addition
to dysbindin-1 (reviewed in (Talbot et al., 2009)). Functionally, BLOC-1 plays crucial
roles in the maturation of early endosomes into specialized organelles such as
melanosomes, platelet dense granules, lysosomes and synaptic vesicles as illustrated
in figure 1.4B. In Sdy mice, loss of dysbindin-1 affects the stability of BLOC-1
components, such as reduced levels of muted, pallidin (Li et al., 2003) and snapin
(Feng et al., 2008, Saggu et al., 2013), which together lead to defective maturation of
the specialized organelles. This explains the abnormal phenotypes observed in Sdy
mice, such as diluted pigmentation due to defective melanosomes and prolonged
bleeding due to impaired platelet aggregation (Swank et al., 1991). Furthermore, loss
of dysbindin-1 in Sdy mice leads to disrupted neurotransmission due to impaired
synaptic vesicle biogenesis, endocytosis and exocytosis (Chen et al., 2008, Saggu et
al., 2013). Interestingly, loss of dysbindin-1 also reduces snapin (Feng et al., 2008,
Saggu et al., 2013) and Snap25 (Numakawa et al., 2004) levels that are critical for
synaptic vesicle fusion with the plasma membrane, providing further explanation for
the abnormal synaptic signaling in Sdy brains. Given that lysosomal secretion is
reduced in Sdy mice (Swank et al., 1991), it is predicted that this may lead to immune
dysfunction. However, no studies to date have studied the effects of immune
challenge in Sdy mice. Therefore, one aim of my thesis was to determine the
molecular role of dysbindin-1 in regulating immune response following viral-like

infection.
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Figure 1.4 Molecular functions of dysbindin-1 and its associated BLOC-1
proteins

(A) Subunit composition of the biogenesis lysosome-related complex-1 (BLOC-1).
(B) BLOC-1 is involved in maturation of endosomal compartments (i.e. melanosome,
platelet dense granule, lysosome and synaptic vesicle) that are trafficked from trans-

Golgi network.

Image (A) adapted from (Newell-Litwa et al., 2007).
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1.3 Viral-like infection as an environmental risk factor for

schizophrenia

Various environmental insults such as psychological, epigenetic and immune
challenges have been associated with increased risk of developing schizophrenia. For
example, a number of epidemiological studies suggested a link between schizophrenia
and exposure to viral or bacterial infections during prenatal or early postnatal life
(reviewed in (Brown, 2011)). This is further confirmed in recent genome-wide
association studies (GWAS) that showed a strong association of immunity with
schizophrenia (Network and Pathway Analysis Subgroup of Psychiatric Genomics,

2015, Schizophrenia Working Group of the Psychiatric Genomics, 2014).

In animal models of schizophrenia, two types of molecular immunogens are
commonly used to induce inflammation during neurodevelopment such as
lipopolysaccharide (LPS) and polyinosinic-polycytidylic acid (polyl:C) (reviewed in
(Harvey and Boksa, 2012)). LPS is a component of the outer membrane of Gram-
negative bacteria and it is used to mimic bacterial infection. However, polyl:C is a
synthetic analog of double-stranded RNA which is used to mimic viral infection. Both
LPS and polyl:C bind to toll-like receptors (i.e. LPS to Tlr4 while polyl:C to TIr3)

and induce strong innate immune responses (reviewed in (Harvey and Boksa, 2012)).

In addition to LPS and polyl:C, there are other types of inflammatory stimuli
such as cytokines, live viruses and turpentine that are used in neurodevelopmental

models. The advantage of direct administration of cytokines, such as interleukin-6
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(IL-6), is that the behavioural and neurochemical effects of a specific cytokine can be
addressed. Although the intranasal administration of live viruses resembles the
naturalistic method of catching an infection, there is difficultly in this method to
control the dosage and the window of exposure. Intramuscular injection of turpentine,
which is an inflammatory stimulus, remains at the site of the administration and
therefore can be useful to study the effect of localized inflammation (reviewed in
(Harvey and Boksa, 2012)). Taken together, various inflammatory models are being
used in order to study the effects of neonatal immune activation in relation to

schizophrenia.

In my thesis, I used the viral immunostimulant polyl:C as an environmental
risk factor for schizophrenia because polyl:C mimics viral infections which are
widespread such as seasonal flu and common cold. Another reason for using polyl:C
is that the dosage and the route of systemic polyl:C administration can be controlled
in our model. Also, the downstream signalling pathway from polyl:C is well-
described in the literature, and therefore abnormal molecular response to polyl:C can
be investigated in our genetic model of schizophrenia. In particular, polyl:C is a
specific ligand for toll-like receptor 3 (Tlr3) and activation of TIr3 triggers
downstream signalling pathways that include activation of RelA and Sp1 transcription

factors. This Tlr3-RelA-Sp1 signalling pathway is described below.


abeeral-shammari
Sticky Note
Unmarked set by abeeral-shammari


33

1.3.1 Toll-like receptors (TLRs) overview

The Toll protein was originally discovered in Drosophila as being important for the
immune response against fungal infection (Lemaitre et al., 1996). This led to the
identification of homologous proteins in humans and mice that were named Toll-like
receptors (TLRs) (Medzhitov et al., 1997, Hoshino et al., 1999). TLRs provide the
first line of immune defence against invading pathogens ranging from bacteria to

viruses to fungi. To date, 12 TLRs have been identified in mice and 10 in humans.

TLRs can be divided into two groups based on their subcellular localization
and type of ligands. One group is composed of TLR1, TLR2, TLR4, TLRS5 and TLR®6,
which are expressed on cell membranes and recognize microbial components such as
lipids, lipoproteins, lipopolysaccharides (LPS) and proteins. The other group is
composed of TLR3, TLR7, TLR8 and TLR9, which are localized in intracellular
vesicles such as endosomal and endolysosomal membranes and they recognize
microbial nucleic acids (Broz and Monack, 2013). TLR10 is only present in humans
and as of yet has no known specific ligand. Recently, it has been shown that human
TLR10 mainly acts as a modulatory receptor with anti-inflammatory effects (Oosting
et al., 2014). On the other hand, TLR11, TLR12 and TLR13 are only found in mice in
which they are expressed in intracellular compartments and are involved in
recognition of microbial components (i.e. TLR11 and TLR12) or nucleic acids (i.e.

TLR13) (reviewed in (Broz and Monack, 2013)).
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1.3.2 Toll-like receptor 3 (TLR3)

TLR3 was discovered in 2001 and was shown to specifically recognize double-
stranded RNA (dsRNA) (Alexopoulou et al., 2001), a genetic material that naturally
exists in some viruses, such as reovirus, or that is produced by most viruses during
replication including West Nile virus, respiratory syncytial virus and
encephalomyocarditis virus (reviewed in (Kawai and Akira, 2010)). Furthermore,
TLR3 also recognizes a synthetic analog of dsSRNA, known as polyl:C as described
earlier. Since TLR3 is subcellularly localized in endosomes (Nishiya and DeFranco,
2004), it recognizes dsRNA that directly enters endosomes or following phagocytosis

of virally infected cells (Schulz et al., 2005).

In addition to TLR3 expression in immune cells, such as dendritic cells and
macrophages, it is also highly expressed in the brain (reviewed in (Kumar et al.,
2009)). TLR3 was shown to be expressed in the rodent brain from as early as
embryonic day 10.5 (E10.5) (Lathia et al., 2008) and was also detected postnatally at
P3-7 (Shi et al., 2013), P9-10 (Stridh et al., 2011) and P13 (Lathia et al., 2008) as well
as in the adult mouse brain (Rolls et al., 2007). Similarly, TLR3 is expressed in the
foetal (Vontell et al., 2013) and adult human brain (Bsibsi et al., 2002). TLR3 is
expressed in several cell types of the mammalian brain. For example, TLR3 was
shown to be expressed in neurons and astrocytes in rat brain (Shi et al., 2013) as well
as in murine neural stem/progenitor cells (NPCs) (Rolls et al., 2007, Lathia et al.,
2008), astrocytes and microglia (Rolls et al., 2007). Also, neurons (Lafon et al., 2006,
Vontell et al., 2013), astrocytes (Bsibsi et al., 2002, Vontell et al., 2013), microglia

and oligodendrocytes (Bsibsi et al., 2002) were all shown to express TLR3 in the
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human brain. Studies have shown that TLR3 deficiency in humans is associated with
herpes simplex virus type 1 (HSV-1) encephalitis (Zhang et al., 2007) and that TLR3
deficient mice are vulnerable to lethal infection with murine cytomegalovirus (Tabeta

et al., 2004).

1.3.2.1 TLR3 structure

As shown in figure 1.5A, TLR3 is a type I transmembrane glycoprotein composed of
an N-terminal extracellular domain (ECD), a single transmembrane helix and a C-
terminal cytoplasmic tail. The ECD of TLR3 is located in the inside of endosomes
and can be described as a horseshoe-shaped structure formed by 23 leucine-rich
repeats (LRRs) (fig. 1.5A). The surface of LRRs is heavily glycosylated with 15 N-
linked glycans, however one side is devoid of glycans allowing for free interaction
with dsRNA (Bell et al., 2005, Choe et al., 2005). This localization of TLR3-ECD
inside endosomes is critical to prevent contact with “self” nucleic acids and therefore
avoid the risk of autoimmunity. On the other hand, the C-terminal cytoplasmic tail is
the signalling domain that contains three homologous regions (Box 1, 2 and 3) to IL-1
receptor (IL-1R), which is also named TIR (Toll/IL-1R) domain as illustrated in

figure 1.5A (reviewed in (O'Neill, 2000)).
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1.3.2.2 TLR3 signalling

Although TLR3-ECD exists as a monomer in solution, it binds as a single homodimer
to dsRNA with a minimal length of 40-50bp as shown in figure 1.5B. Multiple
homodimers of TLR3-ECD bind to longer lengths of dsSRNA and form a stable
complex (Leonard et al., 2008). Upon dimerization of TIlr3-ECD, the two cytoplasmic
TIR domains are brought into contact (Liu et al., 2008), thereby inducing the
recruitment of its adapter protein that initiates downstream signalling pathway (fig.
1.5B). In particular, TIR domain-containing adaptor inducing interferon-f (TRIF),
which is also named TIR-containing adaptor molecule-1 (TICAM-1), was shown to
be an essential adapter protein for TLR3-mediated signalling (Oshiumi et al., 2003,
Yamamoto et al., 2002, Yamamoto et al., 2003). As illustrated in figure 1.5B, TLR3-
activation of TRIF-dependent pathway induces two transcription factors: nuclear
factor-kappaB (NF-kB) and interferon regulatory factor-3 (IRF3), which lead to the
production of inflammatory cytokines and type 1 interferon (IFN), respectively

(reviewed in (Kawai and Akira, 2010)).
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Figure 1.5 Structure of Toll-like receptor 3 (TLR3) and its downstream signaling
pathway

(A) TLR3 is primarily composed of an extracellular domain (ECD), a single
trasmembrane helix and a cytoplasmic tail. The ECD contains leucine-rich repeats
(LRRs) and is located inside endosomes whereas the cytoplasmic tail contains the TIR
domain with three homologous regions (Box 1-3) located in cellular cytoplasm.

(B) Following entry of double-stranded (dsRNA), such as polyl:C, into the
endolysosomal compartment, it is recognized by TLR3-ECD homodimers that become
dimerized and activate its cytoplasmic TRIF* mediator. This induces downstream
nuclear factor-kappaB (NF-«kB) and interferon regulatory factor-3 (IRF3) leading to the
production of inflammatory cytokines and type 1 interferon (IFN), respectively.

* TRIF stands for TIR domain-containing adaptor inducing interferon-f.

Image (A) adapted from
https://classconnection.s3.amazonaws.com/817/flashcards/995817/jpg/tlr1323553992098.jpg
Image (B) adapted with amendments from (Kawai and Akira, 2010).
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1.3.2.3 RelA

RelA, which stands for v-rel avian reticuloendotheliosis viral oncogene homolog A, is
a member of the NF-«B family. RelA becomes activated upon TLR3 stimulation with
polyl:C as described earlier. NF-xB is short for nuclear factor kappa-light-chain-
enhancer of activated B cells which was discovered almost 30 years ago (Sen and
Baltimore, 1986). NF-xB is a family of transcription factors that consists of five
members in mammalian cells: RelA (p65), RelB and c-Rel as well as precursor
proteins NF-kB1 (p105) and NF-xB2 (p100) that undergo processing and generate
p50 and p52, respectively. NF-kB plays important roles in various cellular functions
such as cell survival and proliferation, differentiation, migration, apoptosis and

immunity (reviewed in (Bortolotto et al., 2014)).

In the CNS, NF-kB is present as a heterodimer consisting of RelA and p50
subunits, which is the most abundant form. In baseline conditions, NF-kB (RelA/p50
heterodimer) is bound by inhibitory protein IxB that keeps the heterodimer in the
inactive form in the cytoplasm. NF-kB can be activated by various stimuli such as
viral and bacterial infection, oxidative stress and cytokines. Upon NF-kB activation,
IkB is dissociated and the NF-kB (RelA/p50 heterodimer) is translocated to the
nucleus where it binds to target genes and induces transcription (reviewed in
(Bortolotto et al., 2014)). Interestingly, RelA and another transcription factor,
specificity protein-1 (Spl), were shown to transactivate each other during viral
infections (Doyle et al., 2013, Gu et al., 2002, Perkins et al., 1994, Yurochko et al.,
1997). In particular, polyl:C was shown to induce RelA binding to the promoter

region of Spl and activates its transcription (Doyle et al., 2013).
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1.3.2.4 Specificity protein-1 (Sp1)

Spl belongs to the Sp/KLF (specificity protein/Kriippel-like factor) family of
transcription factors, which all contain Cys,His,-type zinc fingers that are required for
DNA binding at the promoter/regulatory regions. Spl is the founding member of the
Sp subfamily that to date consists of nine members (Sp1-9) (reviewed in (Beishline
and Azizkhan-Clifford, 2015)). Historically, Spl was the first mammalian
transcription factor to be cloned (Kadonaga et al., 1987). It was first identified as an
important factor that binds to Simian Virus 40 (SV40) early promoter and regulates its
transcription (Dynan and Tjian, 1983). Sp1 binds to GC-rich motifs that are found in
the promoter regions of many housekeeping genes, and therefore Spl was initially
regarded as a general transcription inducer of housekeeping genes. However, it has
later become clear that Spl undergoes various posttranslational modifications and
found to regulate the expression of many genes involved in various processes such as
cell growth/proliferation, apoptosis, angiogenesis, differentiation and immune

responses (reviewed in (Tan and Khachigian, 2009)).
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1.4 Gene x environment (GxE) interaction in schizophrenia: focusing

on the subventricular zone (SVZ)

As discussed earlier, multiple genetic and environmental risk factors may contribute
to the susceptibility to schizophrenia. However, it has become increasingly apparent
from epidemiological studies that the combined effect of gene mutations and
environmental challenges may increase the likelihood of developing schizophrenia
compared to a single factor alone. For example, individuals exposed to neonatal
infection who already had a family history of schizophrenia were five times more
likely to develop schizophrenia than those who did not (Clarke et al., 2009). This was
also illustrated in transgenic mouse models of schizophrenia in which a combination
of both genetic and neonatal immune challenge gave rise to worse histological and
behavioural phenotypes relevant to the disease than a single risk factor alone (Ibi et
al., 2010). Taken together, gene x environment (GXE) interaction may play a
significant role in the aetiology of schizophrenia, and therefore GXE animal models
may provide fundamental insights into the underlying mechanisms. Here, the
subventricular zone (SVZ) was used as a neurodevelopmental model for dissecting
the molecular mechanisms of GXE interaction in schizophrenia. The SVZ provides an
excellent model for studying these interactions since it continuously generates neural
stem cells that undergo the full developmental process into mature neurons. In
addition, the SVZ is in close proximity to the choroid plexus which is the major route
of substance exchange between the systemic blood and the brain through the
cerebrospinal fluid (CSF) (reviewed in (Falcao et al., 2012)). Therefore, the SVZ is
ideally located to study the impact of systemic immune activation on

neurodevelopmental cells.
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1.4.1 Adult SVZ neurogenesis

The mammalian brain contains two sites which continuously produce new neurons
into adulthood; the subventricular zone (SVZ) lining the lateral ventricle and the
subgranular zone (SGZ) of the hippocampal dentate gyrus (fig. 1.6A, reviewed in
(Alvarez-Buylla and Lim, 2004)). Neuroblasts generated in the SGZ only move a
short distance to the granular cell layer where they differentiate into dentate granular
cells (Cameron et al., 1993). However, newborn cells in the SVZ travel long distances
via the rostral migratory stream (RMS) into the olfactory bulb (OB) where they
differentiate into periglomerular or granule cells, both of which are local interneurons
(fig.1.6A) (Doetsch and Alvarez-Buylla, 1996). As shown in figure 1.6B, the SVZ is a
neurogenic layer that lines the lateral ventricle and multiciliated ependymal cells (E)
separate the SVZ from the circulating cerebrospinal fluid (CSF). The SVZ niche
contains multiple cell types (type B, C and A-cells), which also include microglia, the
primary immune cells of the brain. Type B cells have astrocytic characteristics and
are subdivided into type B1 and B2 cells. Type B1 cells have direct contact with the
lateral ventricle (L'V) and act as self-renewing neural stem cells whereas type B2 cells
do not maintain direct contact with the LV and act as niche astrocytes. Type B1 cells
give rise to progenitor or type C-cells that actively divide and give rise to immature
neuroblasts (i.e. type-A cells) that migrate to the OB (reviewed in (Ihrie and Alvarez-

Buylla, 2011, Thrie and Alvarez-Buylla, 2008)).
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Figure 1.6 Morphology of the subventricular zone (SVZ) in adult mouse brain

(A) Sagittal view of mouse brain illustrating the SVZ, rostral migratory stream and olfactory
bulb.

(B) The SVZ lines the lateral ventricle (LV) as shown in the coronal section (left). The SVZ
neurogenic niche (right) is made up of astrocyte-like neural stem cells (type B-cells) that give
rise to rapidly dividing type C-cells which then give rise to immature neuroblasts or type A-
cells. The SVZ cells make contact with microglia (M), blood vessels (BV) and basal lamina
(BL). The multiciliated ependymal cells (E) separate the SVZ region from the cerebrospinal
fluid (CSF).

Image (A) adapted from Gerd Kempermann and Abcam; http://docs.abcam.com/pdf/neuroscience/
adult_neurogenesis.pdf. Image (B) adapted from (Ihrie and Alvarez-Buylla, 2008).
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1.4.2 Relevance of SVZ neurogenesis to schizophrenia

Current work on adult neurogenesis has either: 1) studied SVZ neurogenesis in
neurological but not neuropsychiatric disease; or 2) studied hippocampal but not SVZ
neurogenesis in neuropsychiatric disease. For example, Alzheimer’s disease,
Huntington’s disease and multiple sclerosis were all found to activate SVZ stem cells
and enhance neurogenesis and migration towards lesions (Curtis et al., 2003, Jin et al.,
2004, Nait-Oumesmar et al., 2007). On the other hand, hippocampal neurogenesis
was shown to decrease in schizophrenic patients (Reif et al., 2006) and mice that were
deficient in hippocampal neurogenesis were more susceptible to depression (Snyder et

al., 2011).

Therefore, no study has looked directly at the SVZ neurogenesis in

neuropsychiatric disease. As listed below, there are several reasons the SVZ is

relevant to schizophrenia.

1) Antipsychotic drugs enhance adult neurogenesis in the SVZ.

SVZ neurogenesis was shown to be enhanced in adult rats when treated with
either typical (i.e. haloperidol) (Kippin et al., 2005) or atypical (i.e. olanzapine or
risperidone) (Wakade et al., 2002) antipsychotic drugs. Moreover, an increased
number of newly generated cells were also detected in the prefrontal cortex (PFC)
in animals treated with olanzapine (Wang et al., 2004). This is interesting because
it suggests that these new cells in the PFC might have migrated from the
neurogenic SVZ and hence suggests a role of the SVZ in mediating cognitive

function in schizophrenia.
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2) Specific SVZ-cell types express dopamine receptors that are involved in
schizophrenia.

The dopaminergic system becomes hyperactivated in schizophrenia and
antipsychotic drugs act to lower this hyperactivation by antagonizing dopamine
receptors. Interestingly, dopamine receptors are also expressed by the neural stem
cells (NSCs) in the SVZ, which suggests a direct link between neural activity and
NSC proliferation. Interestingly, a study showed this link by specific antagonism
of dopamine 2 receptor (D2R) and found increased NSCs proliferation (Kippin et
al., 2005). Furthermore, another study found that in vivo antagonism of dopamine
3 receptor (D3R) decreased proliferation of progenitor cells in the SVZ and also
decreased the number of neuroblasts reaching the OB (Kim et al., 2010).
Together, these studies illustrate how SVZ neurogenesis can be modulated by the

dopaminergic system, and this system is dysregulated in schizophrenia.

3) The size of the lateral ventricle changes in the brain of schizophrenic
patients.

Since the SVZ is a neurogenic layer that lines the lateral ventricle, abnormal
changes in the lateral ventricle would be expected to cause cytoarchitectural or
neurogenic abnormalities in the SVZ. Surprisingly, only one study to date has
examined the SVZ cytoarchitecture in schizophrenia, although no apparent
differences were detected in their cohorts (Comte et al., 2012). Studies have
extensively characterized the changes in the size of the lateral ventricle before and
after antipsychotic treatment. Drug-naive schizophrenic patients show an increase
in the size of the lateral ventricles (Rais et al., 2012) but a decrease in the striatal

(Shihabuddin et al., 1998), caudate (Keshavan et al., 1998, Corson et al., 1999),
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whole-brain and cortical volumes (Joyal et al., 2002, Rais et al., 2012) (also
reviewed in (Torrey, 2002)). Interestingly, these morphological changes are
abolished after chronic treatment with antipsychotic drugs which induce less
ventricular enlargement (DeLisi et al., 1997, Lieberman et al., 2001) but an
increase in the striatal (Shihabuddin et al., 1998, Chakos et al., 1998), subcortical
(i.e. putamen, caudate and thalamic) (Gur et al., 1998) and cortical volumes
(DeLisi et al., 1985). A number of studies have suggested that these reversible
effects of antipsychotic drugs in brain morphology might be due to the increase in
neuronal size (Kerns et al., 1992, Benes et al., 1985) and synapse numbers
(Meshul and Casey, 1989, Uranova et al., 1991) or might be due to the induction
of NSC proliferation in the SVZ (Kippin et al., 2005, Wakade et al., 2002) and
striatum (Wang et al., 2004). Taken together, ventricular enlargement in
schizophrenia prior to treatment might lead to a decrease in SVZ neurogenesis;

and the latter has not yet been shown.

4) The number of immature neurons is increased in the olfactory epithelium
of schizophrenic patients.

Independent of medication, schizophrenic patients exhibit functional olfactory
deficit (Moberg et al., 1999) that is correlated with a significant reduction in the
size of the OB (Turetsky et al., 2000). This reduction in OB size might be due to
decreased generation or migration of neuroblasts from the SVZ during
development. However, in the peripheral olfactory epithelium (OE) the number of
immature neurons was shown to increase in schizophrenia (Arnold et al., 2001)
which might be due to the loss of healthy synaptic connections with the OB and

hence resulting in accelerated OE turnover (Arnold et al., 2001, Arnold et al.,
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1998). Taken together, structural or neurogenic abnormalities observed in
peripheral (i.e. OE) and central (i.e. OB) olfactory systems might be due to

disrupted SVZ neurogenesis.
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1.5 Overall aims of the thesis

In my thesis, dysbindin-1 mutant (Sdy) mice were postnatally challenged with
systemic polyl:C injections and were used as a model of GxXE interaction in
schizophrenia. For simplicity, the term “GxE” was used in the next chapters to refer
to “dysbindin-1 mutation x polyl:C administration”. As discussed earlier, polyl:C is
an immune stimulant that induces Tlr3-RelA-Sp1 signalling pathway. Given that both
Tlr3 and dysbindin-1 are subcellularly localized in endosomes, this might suggest
possible functional interactions between the two proteins. Therefore, one aim of this
thesis was to address whether genetic mutation in schizophrenia-related dysbindin-1
might directly influence TIr3-RelA-Spl signalling pathway. This would provide
insights into how genetic and environmental risk factors of schizophrenia may interact
with each other at the molecular level. Also, another aim of this thesis was to
investigate the impact of the GxE interaction on SVZ proliferation,
microglia/macrophages, cytokine release as well as behavioural outcomes in
adulthood. Together, these aims would provide a link for how GxE interaction at the
molecular level might be reflected at the cellular level, and also more broadly at the

behavioural level. A summary of the aims of this thesis is shown below in figure 1.7.

Schizophrenia Risk Factors

i . Environmental
Genetic Interaction?

Dysbindin-1 Polyl:C

Impact on:
SVZ proliferation?  Microglia/leukocytes?
Cytokine release? Behavioural phenotypes?

Figure 1.7 Summary of overall aims of my thesis
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2.1. Animals

Three mouse models of schizophrenia were studied: 1) Transgenic mice
overexpressing Nrgl type I (NRG1%P*"¢), 2) Snap25 mutant (SNAP25"") mice and 3)
Dysbindin-1 mutant or Sandy (Sdy) mice. Adult NRG1*"¢ and wild-type (WT)
mice were obtained from Dr. Karri Lamsa’s laboratory (Oxford University -
Department of Pharmacology). All NRG1%**"*¢ and WT mice (N=4 per group) were at
postnatal day 60 (P60) with mixed gender in the background strain C57BL/6. Adult
SNAP25" and WT mice (N=3 per group) were obtained from the laboratory of Prof.
Kay Davies (Oxford University - DPAG) in which all mice were females at P60 in the

background strain C3H.

For postnatal Sdy experiments, heterozygous breeding mice in the C57BL/6J
background strain were obtained from Professor Lalit Srivastava’s Laboratory
(McGill University). For colony maintenance, heterozygotes were crossed to generate
WT, Sdy and heterozygous mice. In order to obtain enough number of pups for in
vivo and in vitro experiments, (WT x WT) and (Sdy x Sdy) breeding pairs were set up
in which all these breeding pairs were direct progeny from heterozygotes. All animals
were maintained in individually ventilated cages at the University of Oxford animal
housing facility on 12-hour light/dark cycle with unlimited access to chow and water.
Procedures were carried out with University of Oxford Research Ethics Committee
approval, in accordance with the Animals (Scientific Procedures) Act of 1986 (UK).

All efforts were made to minimize animal suffering and distress.
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2.2. Polyl:C administration

Postnatal Sdy and WT pups were intraperitoneally (i.p.) injected with normal saline
(0.9% NaCl, Aqupharm 01300101) or polyl:C (Invivogen tlrl-pic, 1mg/ml stock
solution in supplied 0.9% NaCl) from P5 to P9 (five injections, once daily) in a dose
of 5mg/kg. All i.p. injections for postnatal Sdy and WT mice that were used in
adulthood experiments were carried out by Dr. Sanjeev Bhardwaj from Professor
Srivastava’s lab (McGill University). I have carried out all i.p. injections for postnatal

Sdy and WT mice that were used in postnatal experiments.

2.3 Genotyping

The genotype of WT, heterozygous and Sdy mice from heterozygous breeding pairs
was determined by analyzing DNA samples from mouse earclips. For DNA
extraction, E.Z.N.A Tissue DNA Kit (Omega Bio-tek D3396-02) was used and eluted

DNA samples (50ul) were stored at -20°C until use.

For polymerase chain reaction (PCR) amplification, 4ul DNA sample was
added to 21pl reaction mixture (table 2.1) to make a final reaction volume of 25ul.
The primers for WT gene were as follows: forward-WT  (50-
TGAGCCATTAGGAGATAAGAGCA-30) and reverse-WT (50-
AGCTCCACCTGCTGAACATT-30) yielding a PCR product of 472 base pairs (bp).
The primers for Sdy gene were: forward-Sdy (50-TCCTTGCTTCGTTCTCTGCT-30)
and reverse-Sdy (50-CTTGCCAGCCTTCGTATTGT-30) yielding a PCR product of

274bp. The reaction mixture was run in the following PCR programme: 95°C for 5
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min followed by 35 cycles of denaturation at 95°C for 20 sec, annealing at 56°C for

20 sec and elongation at 72°C for 30 sec, then a final elongation at 72°C for 5 min

and the reaction was stopped at 4°C. The amplified PCR products were stored at -

20°C until separated by gel electrophoresis.

Table 2.1 Components of PCR reaction mixture for genotyping

(forward-WT, reverse-WT,
forward-Sdy and reverse-Sdy)

Component Amount Final concentration | Catalog number

10X PCR buffer 2.5ul I1X Invitrogen 10966-
026

10mM 2'-deoxynucleoside 5'- 0.5ul 0.2mM Invitrogen 18427-

triphosphate (ANTP) mix 013

50mM magnesium chloride 1.04ul 2.08mM Invitrogen 10966-

(MgCly) 026

Platinum 7aq DNA polymerase 0.2ul - Invitrogen 10966-
026

Nuclease-free water (H,0) loul --- Qiagen 129114

10uM of each of four primers 4x0.25ul 100nM Custom designed

primers from
Invitrogen

For gel electrophoresis, a gel was made which consisted of 100ml of 1X TAE

(Tris-acetate-EDTA) buffer (recipe in Appendix), 2g agarose (Sigma A9539) to make

2% agarose and Sul of 10mg/ml ethidium bromide (Sigma E1510) for a final

concentration 0.5ug/ml. In order to determine size of PCR products, 8ul of 100bp

DNA ladder (Bio-labs N0467S) was loaded into the solidified gel submerged in 1X

TAE running buffer. The 25ul PCR products were mixed with 5yl of 6X Gel Loading

Dye (Bio-labs B7021S) and 20ul of total mixture was loaded into the gel. Samples

were run at 120V for about 30 minutes using PowerPac Basic power supply (Bio-rad
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1645050). Under ultraviolet light, a single band is detected in WT (size 472bp) and
Sdy (size 274bp) mice whereas two bands are detected in heterozygous (HET) mice

(sizes 472 and 274bp). An example is shown below in figure 2.1.

DNA
ladder Sdy HET WT

Figure 2.1 Example of a genomic
PCR result for mice in Sdy colony

2.4 Perfusion and tissue preparation

Mice were deeply anaesthetized with an overdose of 0.Iml i.p, injection of
pentobarbitone (200mg, Oxford University Veterinary Services 12122457) and
transcardially perfused with ice cold 0.9% normal saline via 27G Winged Needle
Infusion Set (BD Biosciences 12349189) followed by ice-cold 4% paraformaldehyde
(PFA, recipe in Appendix). Brains were carefully dissected out of the skull and post-
fixed for 24 hours in 4% PFA at 4°C followed by cryoprotection for 3-4 days in 30%
sucrose at 4°C (Recipe in Appendix). Brains were snap-frozen using dry ice and then
kept at -80°C until use. Perfusions of adult NRG1*"*""¢ and WT mice (N=4 per group)
were done with a kind help from Dr. James Hillis (former member of Szele Group).
Adult SNAP25"" and WT mice (N=3 per group) were kindly perfused by Dr. Peter

Oliver (Oxford University - DPAG). Adult Sdy and WT mice that were postnatally
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injected with saline or polyl:C (four groups, N=6 per group) were perfused by Dr.
Sanjeev Bhardwaj from Professor Srivastava’s lab (McGill University). All Sdy and

WT mice were adult males at the age of ~12-14 weeks when perfused.

2.5 Microtome sectioning

Sliding microtome (Leica SM2000R) was used to cut frozen brains into 30um coronal
sections. Frozen brains were first mounted onto a frozen stage with 0.1M phosphate
buffer (PB, pH7.2) then serially cut and placed as free-floating sections in
cryoprotectant in 48-well plates and stored at -20°C (Recipe for PB and
cryoprotectant in Appendix). The mouse brain stereotaxic atlas by Franklin & Paxinos
(2001) was used as a reference for determining the coronal coordinates of the brain
regions (Franklin and Paxinos, 2001). The sections collected from the OB correspond
to figures 1-9 of the atlas, which are 4.28 to 2.58mm relative to bregma. The RMS
sections correspond to figures 10-15 (2.46 to 1.94mm to bregma), SVZ (figures 22-
38, 1.10 to -0.82mm to bregma) and hippocampus (figures 39-53, -0.94 to -2.70mm to
bregma). For postnatal brains, sections were collected from the OB, RMS and SVZ,
and for each region they were placed in a serial order into 6-wells of 48-well plate.
This was also done for adult brains, however sections per region were serially placed
into 8-wells of 48-well plate and hippocampal regions were also collected. This
sectioning method resulted in a minimum of three sections per well for each brain
region. Identification of stereotaxic coordinates was confirmed under a dissecting

microscope.
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2.6 Fluorescent immunohistochemistry

In all immunohistochemistry, a minimum of three animals was used per experimental
group. Also, a minimum of three sections per animal was used in which all sections
were within same Bregma regions (see section 2.5). Immunohistochemistry was
carried out in two days in which all room temperature washes and incubations were
performed on a shaking platform whereas overnight incubations on an orbital shaker.
On day one, free-floating sections were placed within porous well inserts (Sigma
CLS3477) in 12-well plates and were washed 3 times for 10 min in 0.1M phosphate
buffer saline (PBS pH7.4, recipe in Appendix). This was followed by 15 min
incubation in 50mM glycine in PBS to minimize auto-fluorescence and then sections
washed again in PBS (3 times, 10min) before blocking for 1 hour in PBS+ (i.e. 10%
donkey serum (Bio-Rad C06SBZ) and 0.1% Triton (Sigma X-100) diluted in PBS).
Primary antibodies from different species (table 2.2) were diluted in PBS+ and

sections were incubated in the diluent overnight at 4°C on a constant rocker.

On day two, sections were washed in PBS (3 times, 10 min) and were
incubated for 1 hour in secondary antibodies (table 2.2) diluted in PBS+ (all 1:500
dilution) that matched the host species of the primary antibodies. This was followed
with PBS washes (3 times, 10 min) and sections were then incubated in DAPI (1:1000
dilution in PBS) for 10 min for nuclear staining (DAPIL: 4',6-diamidino-2-
phenylindole dihydrochloride, MP Biomedicals 0215757450, stock 10mg/ml).
Finally, sections were rinsed 3 times, 10 min in PB and were mounted with FluorSave
reagent (Calbiochem-Merck 345789) and coverslipped. No primary control was

performed in all immunohistochemistry experiments.
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Table 2.2 List of primary and secondary antibodies for immunohistochemistry

Primary antibodies

Dilution of

Manufacturer and

Secondary antibodies

primary | catalogue number of
antibodies | primary antibodies

Rabbit anti-Phosophistone- 1:400 Millipore 09-797 Donkey anti-Rabbit Alexa

3 (PHi3) Fluor 488 (life
technologies A21206)

Goat anti-Doublecortin 1:100 Santa-Cruz sc-8066 Donkey anti-Goat Alexa

(Dcx) Fluor 568 (life
technologies A11057)

Goat anti-lonized calcium- 1:200 Abcam ab5076 Donkey anti-Goat Alexa

binding adapter molecule 1 Fluor 568 (life

(Ibal) technologies A11057)

Rat anti-Cluster of 1:200 Millipore 05-1416 Donkey anti-Rat Alexa

differentiation 45 (CD45) (clone IBL5/25) Fluor 647 (Abcam
ab150155)

Also known as leukocyte

common antigen (LCA).

Rabbit anti-Cluster of 1:400 Abcam ab125212 Donkey anti-Rabbit Alexa

differentiation 68 (CD68) Fluor 488 (life
technologies A21206)

Also known as macrosialin

Rabbit anti-Toll-like 1:400 Abcam ab62566 Donkey anti-Rabbit Alexa

receptor 3 (T1r3)

Fluor 568 (life
technologies A10042)

2.7 Microscopy and quantification

In all experiments, slides were coded and were quantitatively or qualitatively

analyzed by a blinded investigator. A minimum of three sections per animal was used

in all immunohistochemical analysis and all sections were within same Bregma

regions (see section 2.5). In all experiments, only cells that showed clear nuclear

DAPI+ staining were included for analysis. In adult SVZ and RMS, quantification of

PHi3+ cells was performed straight under the epifluorescence microscope (Leica
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DMIRB) using 40X objective lens. For quantifying Dex+ cells in adult RMS, images
were acquired using Openlab software (Improvision) with a digital camera
(Hamamatsu C4742-95) and the surface area occupied by a population of Dex+ cells
was measured using the lasso selection tool. Representative images for analyzed
PHi3+ cells in adult SVZ as well as Dcx+ cells in adult RMS were obtained using

Zeiss LSM 710 laser scanning confocal microscope.

In postnatal SVZ, co-localization analysis of PHi3+/Dcx+ cells as well as
Ibal+/CD68+/CD45+ cells was performed by taking 20X tile-scan confocal images
that covers whole SVZ region. By using ImageJ programme, total PHi3+ cells as well
as co-labelled PHi3+/Dcx+ cells were quantified in whole SVZ (fig. 2.2) whereas
quantification of total Ibal+ cells and Ibal+/CD68+/CD45+ co-labelled cells was
only done in dorsal SVZ (fig. 2.2). For postnatal Tlr3 immunohistochemistry,
confocal images were taken of dorsal SVZ using 40X oil immersion objective lens
and images were qualitatively analyzed wusing ImagelJ. Figures for
immunohistochemitry experiments was generated using ImageJ (version 2.0.0) or

Adope Photoshop Elements Organizer (version 12.0).
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Dorsal SVZ

Sub-callosal SVZ

Lateral
ventricle

Lateral
Septal

. Svz
Striatum Septum Svz

Figure 2.2 Subventricular zone (SVZ) subdivisions

Coronal slices of mouse brains were used for immunohistochemistry (IHC), neurosphere
culture and in vivo RT-qPCR, left. For IHC, cells were quantified either in dorsal SVZ
only or in whole SVZ subregions, right. For neurosphere culture and in vivo RT-qPCR,
lateral and septal SVZ were microdissected, right.

2.8 Neurospheres culture

Postnatal 5 days old pups were anaesthetized by cooling followed by decapitation and
whole brains were dissected out and sectioned into 0.5mm coronal slices using
neonatal mouse brain slicer matrix (Zivic instruments BSMNS005-1). Under sterile
laminar flow hood, both lateral and septal SVZ were microdissected (fig. 2.2) in ice-
cold Advanced DMEM (Dulbecco's Modified Eagle Medium, Gibco) and were
pooled together from N=2-5 per group. SVZ tissues were briefly centrifuged,
aspirated supernatant and tissues were dissociated into single cells by incubation in
Iml accutase solution (Sigma A6964) for about 10 min with gentle pipetting up and

down. This was followed with two washes in neurobasal A+ (table 2.3),
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centrifugation and supernatant aspiration before resuspending cell pellets in
neurobasal A+ with growth factors as listed in table 2.4. Cells were counted using
haemocytometer, plated at a density of 100,000 cells/ml in 6-well plates (2ml/well)
and incubated at 37°C and 5% CO2. In order to avoid neurospheres adhesion to the
wells, the 6-well-plates were coated with 1.2mg/ml poly-HEMA (poly(2-
hydroxyethyl methacrylate), Sigma P3932) in 95% ethanol and were allowed to air
dry inside sterile laminar hood before use. The poly-HEMA stock solution (12mg/ml)
was prepared by dissolving 3g of poly-HEMA in 250ml of 95% ethanol.
Neurospheres were dissociated with fresh media every fourth day. Tertiary passaged
neurospheres were used for real-time quantitative PCR (RT-qPCR) whereas

quaternary passaged cells were used for nucleofection or proteome array.

Table 2.3 Components of neurobasal A+

Component Amount Final concentration | Catalog number
Neurobasal A media 1X 480mL 1X Gibco 10888-022
B27 supplement 50X 10mL 1X Gibco 17504

Glutamax 100X S5mL 1X Gibco 35050-038
Penicillin/Streptomycin 100X SmL 1X Gibco 15070-063

Table 2.4 Components of neurobasal A+ with growth factors

Component Amount | Final concentration | Catalog number
Neurobasal A+ (see table 2.3) 25mL

Basic Fibroblast growth factor Sul 20ng/ml R&D Systems
(bFGF) (100pg/ml) 3139-FB-025
Epidermal growth factor (EGF) Sul 20ng/ml Sigma E4127
(100pg/ml)
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2.9 Nucleofection

Sdy neurospheres after quaternary passage were nucleofected with either sterile H,O
(mock) or Dtnbpl gene in sterile H,O (OriGene MR205351, distrubutor AMSBIO,
fig. 2.3) according to the protocol of Nucleofector Kit for Moue Neural Stem Cells
(LONZA VPG-1004). A total of 1x10° dissociated cells were mixed with nucleofector
solution plus supplement and were nucleofected with either 2pg Dtnbpl gene in 4pl
sterile H,O or only 4ul sterile H,O (Mock) using Nucleofector Device (LONZA).
Nucleofected cells were immediately transferred into one-well in poly-HEMA coated
12-well plates (i.e. separate well per condition) that contained culture medium (final

volume 1ml/well) and incubated at 37°C and 5% CO,.

After 24 hours, neurospheres were suspended in fresh culture medium and
each sample (Dtnbpl or Mock nucleofected) was split into two wells (0.5ml/well) in
poly-HEMA coated 24-well plates in which either pre-warmed saline or polyl:C
(50pg/ml) was added. This experimental design worked as “within wells control” and
therefore any detected response is likely due to treatment itself and not due to
variation in cell populations. Neurospheres were incubated at 37°C and 5% CO, for 3

hours before use in RT-qPCR.
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Figure 2.3 Plasmid map for Dtnbp1l mouse ¢cDNA clone
that was use for nucleofection experiments

2.10 Real-time quantitative PCR (RT-qPCR)

For in vivo experiments, postnatal littermates (N=3 per group) were repeatedly i.p.
injected with saline or polyl:C (as described in section 2.2). At P12, they were deeply
anesthetized with an overdose of pentobarbitone (0.05ml, i.p.) and brains were
dissected out and coronally sliced into 0.5mm slices using young mouse brain slicer
matrix (Zivic instruments BSMYS005-1). Both lateral and septal SVZ were
microdissected and SVZ tissues (N=3 per group) were pooled together and snap-

frozen in dry ice and kept at -80°C until use. According to manufacturer instructions,
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total RNA samples were purified using RNeasy Mini Kit (Qiagen 74104) in which
tissues were disrupted using Eppendorf micropestle (Sigma Z317314), lysates were
homogenized using QIAshredder spin columns (Qiagen 79654) and DNA was
removed with on-column DNase digestion set (Qiagen 79254). Equal amount of RNA
samples per experiment were reverse transcribed into cDNA using High-Capacity
RNA-to-cDNA Kit (Applied Biosystems 4387406). For RT-qPCR, cDNA samples
were mixed with TagMan gene expression master mix (Applied Biosystems 4369016)
and TagMan gene expression assays listed below. In all experimental groups, 100ng
cDNA was used for all genes (except the highly abundant Rn18S in which only 10ng
cDNA was used). For in vitro experiments, neurosphere samples (see section 2.8 and
2.9) were processed using Cells-to-CT 1-Step TagMan Kit (Ambion A25603) in

which 1.5pl cell lysates was used for all genes.

The following inventoried TagMan gene expression assays (Applied
Biosystems) were used for both in vivo and in vitro experiments: Target genes Dtnbp1
(Mm00458743 ml), Tlr3 (Mm01207404 ml), RelA (Mm00501346 m1) and Spl
(MmO00489039 m1) whereas housekeeping genes B-actin (Mm00607939 sl) and
ribosomal 18S (Rnl18S) (MmO03928990 gl). All experiments were run in 20ul
reaction volumes in 96-well plates (Applied Biosystems 4346906) that were carefully
sealed with adhesive film (Applied Biosystems 4311971) before using StepOnePlus
Real-Time PCR System (Applied Biosystems 4376600). Standard cycling conditions
were run according to manufacture’s protocol for each reagent (i.e. here used Applied
Biosystems protocol number (4371134) for in vivo experiments and Ambion protocol

number (MANOO010751) for in vitro experiments). All measurements were performed
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in duplicates in which mean values of mRNA levels of the target genes were
normalized to the geometric mean of B-actin and Rn18S (Vandesompele et al., 2002)
and relative gene expression of treated to non-treated controls per experiment was
calculated using the 27**“* method (Livak and Schmittgen, 2001). No-template
control was also run for each gene tested in all experiments to ensure no

contamination of the RT-qPCR reactions.

2.11 Mouse cytokine proteome array

WT and Sdy neurospheres were used after quaternary passage (as described in section
2.8). Each sample (e.g. WT) was divided into five wells in two separate poly-HEMA
coated 6-well plates (i.e. total ten wells) at a density of 100,000 cells/ml (2ml/well)
and incubated at 37°C and 5% CO,. After 3 days, pre-warmed saline or polyl:C
(50pg/ml) was added per sample (e.g. saline to five wells of WT saline group) and
were incubated for 24 hours. Because saline or polyl:C treated neurospheres were
originally derived from the same sample, this experimental design is to ensure that
any detected response is likely due to the treatment itself and not due to variation in

cell populations.

After 24 hours, supernatants (10ml per group) were harvested and
concentrated in less volume (~260ul) using centrifugal filter unit of 3kDa molecular
weight cut-off (Amicon UFC900324) to ensure maximal retention of even the
smallest protein size. Recovered samples were then analyzed using Proteome Profiler
Mouse Cytokine Array Kit, Panel A (R&D Systems ARYO006) according to the

manufacture’s protocol. This immunoassay allows for simultaneous detection of 40
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cytokines that include chemokines, interleukins and acute phase proteins. Capture
antibodies to these target proteins are spotted in duplicates in a single array
membrane. Briefly, supernatant samples were mixed with a cocktail of antibodies and
incubated with array membranes overnight at 4°C on an orbital shaker. Membrane-
bound proteins were then incubated with chemiluminescent reagents and were
visualized using Odyssey Fc Imaging System (LI-COR) after 10 min exposure time.
Captured images were analyzed using Image Studio Lite (Version 5.0.21) in which
pixel intensity of each detected spot was subtracted from background pixel intensity,

and the mean pixel intensity was then measured of each duplicate spots.

2.12 Behavioural tests

2.12.1 Spontaneous locomotor activity

The spontaneous locomotion tests were carried out in 20 Acrylic chambers (AccuScan
Instruments, Columbus, OH, USA) with the following dimensions (LxWxH=
17.5%10%26 cm). The activity chambers were equipped with infrared sensors in order
to assess locomotion and the data were collected using the Versamax Software
(version 4.0, AccuScan Instruments). On the test day between 9:00am to 11:00am,
mice were placed in the activity chambers in a dimly lit room and their activities were
monitored for two hours. The total horizontal distance (cm) traveled per mouse in 10

min intervals was used for analysis.
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2.12.2 Prepulse inhibition (PPI)

The PPI test was measured using the startle response system (SR-LAB, San Diego
Instruments) consisting of multiple sound-attenuating cabinets, each equipped with a
cylindrical animal enclosure and a small electric fan to provide ventilation and a

background noise of 70 decibels (dB).

Animals were familiarized to the enclosure for 5 min before starting the tests.
Animals were presented with noise pulses presented via a speaker placed directly
above the animal. The animal motion in response to the noise was detected via an
accelerometer attached to the frame of the animal enclosure. The SR-LAB software

was used to record the animal responses and also to control the noise pulse parameters.

Animals were first habituated to a startle (main) pulse of 120 dB in two trials
(not included in analysis) followed by subsequent 40 trials in which the startle
response to the main pulse was measured and analyzed. The main pulse was either
presented alone or 100 milliseconds (ms) following prepulses of 30 ms duration with
intensities of 3, 6, 9, 12 and 15 dB above the background noise. These prepulse
intensities varied randomly between trials and each prepulse was presented five times.
The average interval between trials was 15 seconds (s) (range 5-30 s). Animals were
also presented with a startle pulse alone in another 10 trials. The startle responses
were automatically determined by SR-LAB software. The percent PPI was calculated
in the following formula: %PPI = [100 - (startle response to prepulse and pulse trials)

+ (startle response to pulse alone trials) * 100].
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2.12.3 Object recognition

An open-field chamber made of dark Plexiglas was used for the test. In a quiet room,
mice were individually placed in this chamber (LXxWxH: 45x45x45 cm) for 20 min
each day for 3 days with two identical objects (toys, Dollar Store) in order to
acclimatize them with the test environment. On the test day, the mice were placed in
the chamber and allowed to explore two new identical objects for 5 min
(familiarization phase), and were then placed back into their home cage for 5 min
(retention time). During this time, the objects in the chamber were replaced with two
new objects in which one of them had an identical shape to the objects used during
the familiarization phase while the other had a novel shape. Finally, the mice were
placed in the chamber and were allowed to explore the objects for 3 min (testing

phase).

The behavioural activities of mice were videotaped during both the
familiarization and testing phases and were and analyzed by investigators blinded to
the genotype. The time was only calculated if a mouse was involved in object
exploration based on the following criteria: 1) the mouse head was leaning towards
the object and only within 2-3 cm away from it; 2) the mouse had at least one forepaw
on the object and/or was sniffing or licking the object. Rodents naturally tend to
explore novel than familiar objects in their environment. Therefore, object recognition
memory was evaluated based on the increased time a mouse spent to explore a novel
(TN) than a familiar (TF) object. This was determined using the following formula
[Exploration ratio = TN + (TF + TN)], in which a value significantly different from

0.5 (chance level) reveals the level of the recognition memory.
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2.13 Statistics

Data were analyzed using GraphPad Prism (version 7.0a). Student’s t-test was used to
analyze differences between two groups. Two-way analysis of variance (ANOVA)
was used to analyze two or more groups with two independent variables, and was
followed by Tukey’s multiple comparisons test where appropriate. Data were

presented as mean + standard error of the mean (SEM).
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3.1 Introduction

Schizophrenia has been widely associated with abnormality in neurochemical
function (reviewed in (Harrison, 1999)). A number of neurotransmitters such as
dopamine, glutamate and GABA have been shown to directly affect SVZ
neurogenesis, and SVZ cells express receptors to these neurotransmitters (reviewed in
(Young et al., 2011)). Schizophrenia related genes such as neuregulin-1 (Nrgl),
Snap25 and dysbindin-1 (Dtnbpl) are functionally involved in regulating
neurotransmission, suggesting that dysregulated expression of these genes may
impact SVZ neurogenesis. Therefore, the aim of this chapter was to screen adult SVZ
neurogenesis in three mouse models of schizophrenia: 1) Transgenic mice
overexpressing Nrgl type I (NRG1%P?"¢), 2) Snap25 mutant (SNAP25") mice and 3)
Dysbindin-1 mutant or Sandy (Sdy) mice (table 3.1). Specifically, I sought to address
whether adult SVZ proliferation as well as RMS proliferation and migratory
neuroblasts were affected in these three mouse models. In addition, I sought to find
whether exposing one mouse model (here Sdy mice) to postnatal polyl:C injections
(gene x environment (GXE) model) may further impact adult SVZ neurogenesis and

the behaviour of these mice in adulthood.
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3.1.1 Schizophrenia-related genetic models and adult SVZ neurogenesis

Since no perfect animal model exists for schizophrenia, I started my project by

screening adult SVZ neurogenesis in three mouse models of the disease that are

described below in table 3.1.

Table 3.1 Overview of three genetic mouse models of schizophrenia

Description

Mutation

Neuregulin-1 (Nrgl) is
a growth factor
involved in neuronal
migration (Flames et
al., 2004), myelination
(Brinkmann et al.,
2008, Michailov et al.,
2004) and
neurotransmission
(Stefansson et al.,
2002). Nrgl has many
isoforms that are
grouped into six
different types (I-VI)
(Mei and Xiong, 2008,
Harrison and Law,
2006).

Heterozygous
overexpression of
Nrgl-type I (Bla-
isoform) under the
control of murine
Thy1.2 promoter
(Michailov et al., 2004)
with robust
overexpression in
various brain regions
(Brinkmann et al.,
2008, Deakin et al.,
2009).

Snap25 is a presynaptic
protein (25kDa) encoded
by Snap25 gene. Snap25
protein belongs to the
SNARE complex that is
essential for synaptic
release by fusing
synaptic vesicles to
plasma membranes
(Jeans et al., 2007, Oliver
and Davies, 2009). Two
Snap25 isoforms (A &
B) have been identified
(Bark et al., 1995).

Dominant, missense
mutation resulting in a
single amino acid
isoleucine-to-threonine
substitution in codon 67
(I67T) in isoform-b of
Snap25 protein. This
impairs synaptic function
although no reduction in
Snap25 expression
(Jeans et al., 2007, Oliver
and Davies, 2009).

Dysbindin-1 protein
(40-50kDa) is encoded
by Dtnbpl gene.
Dysbindin-1 protein is
involved in vesicle
trafficking (Li et al.,
2003), exocytosis (Chen
et al., 2008) and
synaptic signaling
(Benson et al., 2001).
Two isoforms (A & C)
exist for murine
dysbindin-1 protein
(Talbot, 2009).

Autosomal recessive
mutation (loss of amino
acids 119-172) that
abolishes expression of
isoforms (A & C) of
dysbindin-1 protein.
Arose spontaneously in
Jackson laboratory in
1983 (Swank et al.,
1991).



Behaviour

Relevance to

schizophrenia

Tremor or shaking
behaviour, reduced
prepulse inhibition
(PPI), impaired on
rotarod (Deakin et al.,
2009) and working-
memory deficit (Deakin
et al., 2012).

Expression of NRG1
type I isoform is
elevated in the
hippocampus (Law et
al., 2006) and
dorsolateral prefrontal
cortex (DLPFC)
(Hashimoto et al.,
2004) of schizophrenic
patients.

Disrupted circadian
thythms (Oliver et al.,
2012), reduced PPI,
impaired sensorimotor
gating and ataxia (Jeans
et al., 2007). These
endophenotypes are
modulated by stress
(Oliver and Davies,
2009).

In humans, SNAP25
mutation is linked to
schizophrenia (Lewis et
al., 2003). Snap25
expression is decreased
in the hippocampus
(Thompson et al., 2003,
Young et al., 1998) and
frontal lobe (Thompson
etal., 1998) of
schizophrenic patients.
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Object-recognition
deficit (Feng et al.,
2008, Bhardwaj et al.,
2009), impaired long-
term memory (Takao et
al., 2008), reduced PPI
(Carlson et al., 2011),
decreased locomotor
activity (Hattori et al.,
2008), reduced
habituation to novelty
(Bhardwaj et al., 2009,
Cox et al., 2009) and
social withdrawal (Feng
et al., 2008, Hattori et
al., 2008).

Dysbindin-1 expression
is reduced in the
hippocampus (Weickert
et al., 2008) and DLPFC
(Weickert et al., 2004)
of schizophrenic
patients.

Although mice deficient in dysbindin-1 are fully viable (Swank et al., 1991),

knockout of Nrgl type I is embryonic lethal (Kramer et al., 1996). Therefore, Sdy

mice were used in order to model the loss of dysbindin-1 in schizophrenia whereas

NRG1%P"8 overexpressing mice were used to model the increase in Nrgl type I

expression in the disease.

On the other hand, Snap25 expression is unaltered in SNAP25"" mice,

although the Snap25 function is disrupted in this mouse model (Jeans et al., 2007). In

addition to SNAP25"" mice, there is a list of other Snap25 mutants such as

homozygous and heterozygous Snap25 knockout mice (Washbourne et al., 2002),
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Snap25™™° mice (Bark et al., 2004) and SNAP-25 knock-in mice (Kataoka et al.,
2011). The homozygous Snap25™ knockout mice die embryonically (Washbourne et

al., 2002) whereas a targeted homozygous mutation in Snap25"*"

mice that impairs
the shift of Snap25 isoform A to isoform B results in premature mortality at around
P21 to P35 (Bark et al., 2004). Although the heterozygous Snap25" mice are viable
(Washbourne et al., 2002), studies are inconsistent in regards to the relevance of this
model to schizophrenia at the neurochemical and behavioural level (Washbourne et
al., 2002, Oliver and Davies, 2009, Corradini et al., 2014, Braida et al., 2016). In the
SNAP-25 knock-in mice, a single amino acid Ser187 is replaced with Ala in Snap25
protein resulting in disrupted Snap25 phosphorylation (Kataoka et al., 2011). These

SNAP-25 knock-in mice show behavioural and neurochemical deficits relevant to

schizophrenia (Kataoka et al., 2011, Ohira et al., 2013).

In this study, SNAP25"" mice were selected due to the limitation of studying
homozygous Snap25 mutants in adulthood. The SNAP25"" mice are fully viable and
display phenotypic abnormalities relevant to schizophrenia as described in Table 3.1.
In addition, SNAP25"" mice carry a point mutation that affects the function of Snap25
isoform-b (Jeans et al., 2007), an isoform that is developmentally regulated and
becomes predominantly expressed in the adult mouse brain (Bark et al., 1995).
Therefore, SNAP25"" mice were used to study the impact of disrupted Snap25

1soform-b in adulthood.
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Adult SVZ neurogenesis in vivo has not been previously characterized in NRG1%P°"¢,
SNAP25" and Sdy mice. However, receptor tyrosine kinase (ErbB4) and its ligand
Nrgl were detected in PSA-NCAM+ immature neuroblasts in the SVZ and RMS,
indicating they may mediate neuroblast migration (Ghashghaei et al., 2006, Anton et
al., 2004). Nrgl type I was demonstrated in vitro to regulate migration of SVZ cells in
explant migration assays, and ErbB4-deficient mice showed disrupted neuroblasts

migration to the RMS (Anton et al., 2004).

3.1.2 GxE model of schizophrenia and adult SVZ neurogenesis

In addition to the schizophrenia risk genes described above, environmental stimuli
during early brain development may also increase the risk of developing
schizophrenia in adulthood. For example, postnatal polyl:C injections in mice (i.e.
inflammatory stimuli) was demonstrated to induce schizophrenia-like behaviours in
adulthood (Ibi et al., 2009). Moreover, combining a mutation in DISC1 risk gene of
schizophrenia with postnatal polyl:C injections further amplified behavioural
abnormalities in adulthood (Ibi et al., 2010). Interestingly, polyl:C administration
during embryonic development was previously shown to affect SVZ neurogenesis in
adulthood (Liu et al., 2013). Therefore, I aimed here to characterize adult SVZ
neurogenesis in response to a combination of postnatal polyl:C injections and
dysbindin-1 mutation, and whether this GXE model may exhibit worsened behavioural

phenotypes in adulthood.
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3.1.3 Schizophrenia-related behavioural phenotypes in mice

Prepulse inhibition (PPI), novel object recognition and locomotor activity were tested
in our GXE model of schizophrenia. The PPI test is commonly used to evaluate
sensorimotor gating in both humans and mice (reviewed in (Braff and Geyer, 1990)).
In schizophrenia, reduced PPI is a well-established endophenotype of the disease in
which introduction to an auditory pre-pulse of variable intensities fails to inhibit the
startle response when introduced to a subsequent pulse at a stronger intensity
(reviewed in (Braff and Geyer, 1990)). Hence, PPI test was used to assess

sensorimotor gating in our GXE model.

On the other hand, cognitive impairment is common in schizophrenia
((Elvevag and Goldberg, 2000)). In order to evaluate the cognitive function in our
GxE model, a novel object recognition test was used. Mice have a natural tendency to
explore novel objects in their surroundings. Therefore, mice were first familiarized
with objects and then introduced to a novel and a familiar object, and the longer time
they spent preferentially exploring novel rather than familiar objects was indicative of

their cognitive ability in recognizing novel objects.

In schizophrenia, social isolation and depression represent the negative
symptoms of the disease (Hafner et al., 1999). In mice, locomotor activity can be used
as a sign of motivation and therefore reduced locomotion might indicate depressive-
like behaviour (reviewed in (Maes et al., 2012)). Since polyl:C was given to our
postnatal pups, it may induce sickness behaviour which is characterized by various
symptoms that include reduced locomotion and weight loss (Cunningham et al.,
2007). Therefore, locomotor activity and body weight were used as a measure of

depressive-like and sickness behaviours in our GXE model of schizophrenia.
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3.1.4 Research questions

Adult SVZ neurogenesis has not been previously studied in genetic mouse models of
schizophrenia. Furthermore, adult neurogenesis in the SVZ, and even in the DG, has
not been investigated in response to a combination of both postnatal inflammation and
a risk gene for schizophrenia. Here, I focused on the adult SVZ to address the

following questions:

1) Do mutations in genes relevant to schizophrenia affect proliferation in the SVZ and

RMS?

2) Do mutations in genes relevant to schizophrenia affect migratory neuroblasts in the

RMS?

3) Does a combination of both gene mutation and postnatal inflammation have a
stronger effect than gene mutation alone in each of the following:

*  SVZ and RMS proliferation.

* Migratory neuroblasts in the RMS.

* Behavioural outcomes.*
* These experiments were performed by our collaborator, Professor Lalit Srivastava's

laboratory (McGill University).

In this study, I used the mitotic marker phosophistone-3 (PHi3) as a read-out for
proliferation, whereas doublecortin (Dcx) was used as a marker for immature

neuroblasts.
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3.2 Results

3.2.1 Adult SVZ neurogenesis, RMS proliferation and migratory neuroblasts

were not changed in NRG1%"*""*¢ gverexpressing mice

Adult NRG1%7°"® overexpressing mice were used in order to determine the effect of
Nrgl type I mutation in adult SVZ neurogenesis. There was no significant change in
the number of proliferative (PHi3+) cells in the adult SVZ of NRGI]"P*®
overexpressing mice (Mean + SEM= 31.73 + 1.639) in comparison to WT mice
(30.85 + 2.654) as analysed using Student’s two-tailed t-test (t(6)= 0.2805; N=4 per
group; P>0.05; fig.3.1A). Similarly, the number of proliferative neuroblasts
(PHi3+/Dcx+) cells in the adult SVZ was not significantly different between
NRG1%P"¢ overexpressing mice (25.52 + 1.310) and WT mice (24.02 + 1.908) as
determined using Student’s two-tailed t-test (t(6)= 0.6482; N=4 per group; P>0.05;
fig. 3.1B). Representative images are illustrated in figure 3.1 (C-D) showing
PHi3+/Dcx+ cells in the SVZ of WT mice (fig.3.1C) and NRG1%P*"*¢ overexpressing
mice (fig.3.1D). Taken together, adult SVZ neurogenesis was unaffected in

t 1-t . .
NRG17P"¢ ogverexpressing mice.
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Figure 3.1 Adult SVZ neurogenesis in neuregulin-1 type I (NRG1"P"%)
overexpressing mice

(A-B) In the SVZ, there was no significant change in the number of proliferative
(PHi3+) cells (A) or proliferative neuroblasts (PHi3+/Dcx+) cells (B) in
NRG 177" gverexpressing mice compared to WT mice.

(C-D) Representative orthogonal views showing PHi3+/Dcx+ cells in the SVZ of
WT and NRG1%P"* overexpressing mice. Scale bar 25um.

Mean £ SEM. N=4 per group. Data were analyzed using Student’s two-tailed t-
test. P>0.05.
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Also, NRG1"P?"*¢ gverexpressing mice were used in order to determine the
impact of Nrgl type I mutation on proliferation and migratory neuroblasts in the
RMS. The number of proliferative (PHi3+) cells was not statistically different
between NRG1%"°"¢ overexpressing mice (Mean + SEM= 7.678 + 0.4741) and WT
mice (6.940 £+ 0.1957) in adulthood (Student’s two-tailed t-test; t(6)= 1.438; N=4 per
group; P>0.05; fig. 3.2C). In addition, the surface area occupied by the population of
migratory Dcx+ neuroblasts was not significantly different in NRG1YP®
overexpressing mice (13,551 + 361.7 um”) compared to WT mice (13,033 + 1,234
um?) (Student’s two-tailed t-test; t(6)= 0.4027; N=4 per group; P>0.05; fig. 3.2D).
Representative images are shown in figure 3.2 (C-F’) illustrating comparable
migratory neuroblasts and proliferation in the RMS of WT mice (C-C’; E-E’) and
NRG1"""¢ gverexpressing mice (D-D’; F-F”). Hence, Nrgl type I mutation did not

impact proliferation and neuroblast population in the adult RMS.
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Figure 3.2 Adult RMS proliferation and migratory neuroblasts in neuregulin-
1 type I (NRG1""*"*%) gverexpressing mice

(A-B) In the RMS, no significant change was found in proliferation (A) or the
average area of migratory neuroblasts (B) in NRG1%""¢ overexpressing mice in
comparison to WT mice.

(C-D’) Representative images illustrating comparable populations of Dcx+ cells in
the RMS of WT (C-C’) and NRG1"""¢ overexpressing (D-D’) mice. Scale bar
25um.

(E-F’) Representative images showing similar number of proliferative (PHi3+)
cells in the RMS of WT (E-E’) and NRG1%"""€ overexpressing (F-F’) mice. Scale
bar 25um.

Mean £ SEM. N=4 per group. Data were analyzed using Student’s two-tailed t-
test. P>0.05.
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3.2.2 SNAP25"" mice were comparable to WT mice in adult SVZ proliferation,

RMS proliferation and migratory neuroblasts

SNAP25" mice were used to find if the Snap25 mutation might affect adult SVZ
proliferation. The number of proliferative (PHi3+) cells in the adult SVZ was not
significantly different between SNAP25"" mice (Mean + SEM= 25.75 + 2.222) and
WT mice (21.50 + 3.881) as analysed using Student’s two-tailed t-test (t(4)= 0.9503;
N=3 per group; P>0.05; fig. 3.3A). This suggested that adult SVZ proliferation was

normal in SNAP25"" mice.

Similarly, adult SNAP25"" mice were used in order to determine the effect of
Snap25 mutation in proliferation and migratory neuroblasts in the RMS. There was no
statistical difference in the number of proliferative (PHi3+) cells in the adult RMS of
SNAP25"" mice (Mean + SEM= 10.06 + 1.399) compared to WT mice (7.867 +
0.8293) as determined using Student’s two-tailed t-test (t(4)= 1.348; N=3 per group;
P>0.05; fig. 3.3B). Additionally, the surface area occupied by the population of
migratory Dcx+ neuroblasts was comparable between SNAP25™" mice (13,328 +
2,332 um?®) and WT mice (12,165 + 967.7 um®) in adulthood (Student’s two-tailed t-
test; t(4)= 0.4608; N=3 per group; P>0.05; fig. 3.3C). Together, these data may
indicate that proliferation and neuroblast population in the RMS were unaffected in

adult SNAP25"" mice.
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Figure 3.3 Proliferation and migratory neuroblasts in adult Snap-25
mutant (SNAP25"") mice

(A) No significant change was found in the number of proliferative (PHi3+)
cells in the SVZ of SNAP25" mice compared to WT mice.

(B-C) In the RMS, there was no significant change in proliferation (C) or the
average area of migratory neuroblasts (D) in SNAP25"" mice compared to
WT mice.

Mean = SEM. N=3 per group. Data were analyzed using Student’s two-tailed
t-test. P>0.05.
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3.2.3 Reduced adult SVZ proliferation in Sdy mice given postnatal polyl:C

In order to determine the impact of GXE interaction in adult SVZ proliferation,
dysbindin-1 mutant Sdy mice were given multiple saline or polyl:C injections during
early postnatal ages as illustrated in figure 3.4A. Interestingly, there was a significant
decrease in proliferation (PHi3+ cells) in adult Sdy mice given postnatal polyl:C
injections (GXE model) in comparison to adult WT saline group (two-way ANOVA
with Tukey’s post-hoc test; P<0.05; N=6 per group; fig.3.4B). Representative images
are illustrated in figure 3.4 (C-D”) showing the decrease in PHi3+ cells in Sdy
polyl:C group (fig.3.4D-D”) compared to WT saline group (fig.3.4C-C”). These
images were taken from similar anatomical coordinates (0.26mm to bregma) in both
WT saline (fig.3.4C’) and Sdy polyl:C (fig.3.4D’) groups according to the mouse
brain atlas by (Franklin and Paxinos, 2001). Hence, the interaction between GxE

factors caused a reduction in adult SVZ proliferation.
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Figure 3.4 Proliferation in the adult SVZ of GXE model

(A) Experimental design of postnatal saline or polyl:C injections in WT and Sdy
mice. Brains were collected for analysis at around postnatal 85 (P85).

(B) There was a significant reduction in the proliferative (PHi3+) cells in the adult
SVZ of Sdy mice injected with polyl:C compared to WT saline group. Mean = SEM.
Data were analyzed using two-way ANOVA with Tukey’s post-hoc test. N=6 per
group. *P<0.05.

(C-D’) Representative images showing reduced PHi3+ cells in the SVZ of Sdy
polyl:C group (D) compared to WT saline group (C) that were taken from similar
stereotaxic coordinates (0.26mm to bregma) as illustrated with DAPI staining in WT
saline (C’) and Sdy polyl:C (D’) groups. Scale bar 100um.

(C”-D”) Higher magnification images of the yellow-boxed areas in (C’-D’) showing
PHi3+ cells in the WT saline (C”) and Sdy polyl:C (D) groups. Scale bar 15pm.
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3.2.4 Total population of migratory neuroblasts, but not proliferation, was

decreased in the RMS of adult Sdy mice given postnatal polyl:C

Similar to the experimental design in figure 3.4A, WT and Sdy mice were repeatedly
given saline or polyl:C and proliferation and migratory neuroblasts in the RMS were
studied. The number of proliferative (PHi3+) cells was not significantly different
between adult WT and Sdy mice that were postnatally injected with saline or polyl:C
(two-way ANOVA with Tukey’s post-hoc test; P>0.05; N=3 per group; fig.3.5A).
However, there was a significant decrease in the surface area covered by migratory
(Dex+) neuroblasts in Sdy polyl:C group in comparison to both WT and Sdy saline
groups in adulthood (two-way ANOVA with Tukey’s multiple comparisons test;
P<0.01; N=3 per group; fig.3.5B). Representative images are shown in figure 3.5(C-
D’’) illustrating the decrease in Dcx+ surface area in Sdy polyl:C group (fig.3.5D)
compared to Sdy saline group (fig.3.5C). In reference to the atlas by (Franklin and
Paxinos, 2001), these images were taken from similar stereotaxic coordinates
(2.10mm to bregma) in both Sdy saline (fig.3.5C’-C”) and Sdy polyl:C (fig.3.5D’-D”)
groups. Together, GXE interaction may negatively affect neuroblast migration, but not

proliferation, in the adult RMS.
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Figure 3.5 Proliferation and migratory neuroblasts in the RMS of adult GXE model

(A) No significant change was found in the number of proliferative PHi3+ cells in the RMS
of GXE model. Mean + SEM. Data were analyzed using two-way ANOVA with Tukey’s
post-hoc test. N=3 per group. P>0.05.

(B) In the RMS, surface area of total Dcx+ migratory neuroblasts was significantly reduced
in adult Sdy mice given postnatal polyl:C compared to adult WT and Sdy mice postnatally
injected with saline. Mean + SEM. Data were analyzed using two-way ANOVA with
Tukey’s post-hoc test. N=3 per group. **P<0.01.

(C-D”) Representative images illustrating the decrease in the RMS area of migratory
neuroblasts in Sdy polyl:C group (D) in comparison to Sdy saline group (C). DAPI staining
in (C’ & D’) showing that both images were taken from the same anatomical coordinates
(2.10mm to bregma) according to the atlas by (Franklin and Paxinos, 2001). Dcx staining in
(C” & D”) were magnified in (C & D) for clarity. Scale bars 100 pm.
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3.2.5 Postnatal polylI:C injections caused a long-lasting decrease in body weight

that was associated with reduced locomotion in adult GXE model

The following data were collected by our collaborator, Professor Lalit Srivastava's
laboratory (McGill University), and I have run the statistical analysis. As shown in
figure 3.6A, body weights of WT polyl:C and Sdy polyl:C groups were significantly
reduced in young adulthood at postnatal day 37-38 (P37-38) in comparison to WT
saline group (two-way ANOVA with Tukey’s multiple comparisons test; P<0.0001;
N=6 per group; fig.3.6A). Likewise, body weights of WT polyl:C and Sdy polyl:C
groups were significantly reduced compared to Sdy saline group in young adulthood
at P37-38 (two-way ANOVA with Tukey’s post-hoc test; P<0.01; N=6 per group; fig.
3.6A). This decrease in the body weights of WT polyl:C and Sdy polyl:C groups
continued to later adulthood at P72-73 and showed significant reduction in WT
polyl:C group (P<0.01) and Sdy polyl:C group (P<0.001) in comparison to WT saline
group (two-way ANOVA with Tukey’s post-hoc test; N=6 per group; fig. 3.6B).
Together, postnatal polyl:C injections caused long-lasting decreases in the body

weights of WT and Sdy mice in adulthood.

Locomotor activity was assessed at P70 in all four groups. Interestingly,
locomotion was significantly reduced in Sdy polyl:C group in comparison to WT
saline group (two-way ANOVA with Bonferroni's multiple comparisons test; WT
saline N=17; Sdy saline N=14; WT polyl:C N=13 ; Sdy polyl:C N= 12; P<0.05; fig.
3.6C). In contrast, WT polyl:C group did not show statistically significant reductions
in locomotion compared to the WT saline group (fig.3.6C). Hence, GXE factors
negatively affected locomotor activity in adulthood suggesting that GXE interaction in

our model might mimic some of the negative symptoms in schizophrenia.
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Figure 3.6 Body weight and locomotion in the adult GXE model

(A-B) Following repeated saline or polyl:C injections from postnatal day 5 (P5) to P9,
there was a significant decrease in body weight of WT and Sdy mice at P37-38 (A)
and P72-73 (B). Mean = SEM. Data were analyzed using two-way ANOVA with
Tukey’s post-hoc test. N=6 per group. **P<0.01, ***P<0.001, ****P<0.0001.

(C) Spontaneous locomotor activity was significantly reduced in adult GXE model at
P70 in comparison to WT saline group. Mean & SEM. Data were analyzed using two-
way ANOV A with Bonferroni's post-hoc test. WT saline N=17; Sdy saline N=14; WT
polyl:C N=13 ; Sdy polyl:C N= 12. *P<0.05.

These data were collected by our collaborator, Professor Lalit Srivastava's
laboratory (McGill University), and statistical analysis was run by myself.
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3.2.6 GXE model showed reduced prepulse inhibition (PPI) and cognitive deficits

in adulthood

The following data were collected and statistically analyzed by our collaborator,
Professor Lalit Srivastava's laboratory (McGill University). Here, adult mice were
presented with an auditory prepulse (PP) of 3, 6, 9, 12 or 15 decibels (PP3-15), and
their responses to a main pulse of 120 decibels were recorded (fig.3.7A).
Interestingly, Sdy mice showed a slight reduction in PPI, however this only reached
statistical significance when Sdy mice were postnatally injected with polyl:C (N=6
per group; P<0.05; fig.3.7A-B). The PPI test showed normal response in adult WT
mice regardless of postnatal injections (fig.3.7A-B). Together, these data may indicate

sensorimotor deficits in our GXE model as demonstrated with the PPI test.

In order to assess cognitive memory in our GXE model, a novel object
recognition test was used. As shown in figure 3.7C, WT saline mice spent longer time
exploring a novel object than a familiar object (a value significantly different from 0.5
(chance level); P<0.05; N=6; fig.3.7C). However, the other three groups did not show
preference to a novel object over a familiar object, suggesting deficits in novel object
recognition (P>0.05; N=6 per group; fig.3.7C). It should be noted that during the
familiarization phase, there was no difference in the total time that mice spent in
exploring objects in all the four groups (data not shown). Taken together, postnatal
inflammation and/or dysbindin-1 mutation may negatively impact cognitive function

in adulthood.
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Figure 3.7 Reduced prepulse inhibition and cognitive dysfunction in GXE model

(A-B) At P74, prepulse (PP) intensities of 3, 6, 9, 12 or 15 decibels (PP3-15) caused a
reduced inhibitory response in GXE model when exposed to a subsequent main pulse
of 120 decibels. The average of prepulse inhibition (PPI) across all prepulses (PPs) is
illustrated in (B) showing significant reduction in PPI in GXE model. N=6 per group.
*P<0.05.

(C) In comparison to WT saline group, Sdy mice as well as WT mice given postnatal
polyl:C showed cognitive deficits in novel object recognition at P74. N=6 per group.
*P<0.05.

These data were collected and statistically analyzed by our collaborator,
Professor Lalit Srivastava's laboratory (McGill University).



&9

3.3 Discussion

I found that mutations in Nrgl type I, Snap-25 or dysbindin-1 genes relevant to
schizophrenia did not affect SVZ proliferation or RMS proliferation and migratory
neuroblasts in adulthood. However, combining postnatal inflammation with
dysbindin-1 mutation in Sdy mice (GXE model) resulted in reduced SVZ proliferation
as well as decreased neuroblast population, but not proliferation, in the RMS in
adulthood. Interestingly, these observations in the GXE model were also correlated
with behavioural deficits relevant to schizophrenia as demonstrated by our

collaborators.

3.3.1 GxE model of schizophrenia, but not genetic mutation alone, decreased

SVZ proliferation in adulthood

I found that GXE model of schizophrenia showed a significant decrease in adult SVZ
proliferation. This was demonstrated using dysbindin-1 mutant Sdy mice that were
postnatally injected with polyl:C. Interestingly, increased physical activity was
previously reported to associate with increased SVZ proliferation (Lee et al., 2016).
Here, the GXE model showed reduced locomotor activity which might explain the
decrease in SVZ proliferation. On the other hand, I found normal proliferation in the
SVZ of adult Sdy mice that were postnatally unchallenged. This is consistent with
other studies that reported normal proliferation in the dentate gyrus of adult Sdy mice
following BrdU injections (Wang et al., 2014, Nihonmatsu-Kikuchi et al., 2011).
Postnatal polyl:C injections caused a slight but non significant decrease in
proliferative PHi3+ cells in the adult SVZ of WT mice. Conversely, another study

showed that prenatal exposure to polyl:C in WT mice resulted in significantly
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decreased number of mitotic (PHi3+) cells in the adult SVZ (Liu et al., 2013). This
discrepancy might be due to the variation in the selected neurodevelopmental period

for administering polyl:C.

On the other hand, I found no change in SVZ proliferation in adult NRG1%"*"
® overexpressing mice. So far, no studies have addressed the role of Nrgl type I in
SVZ proliferation although it was reported to be expressed in the SVZ and RMS
(Anton et al., 2004). Previous studies showed that Nrgl, but not specifically type I,
did not affect SVZ proliferation in adult mice in which Nrgl was administered either

subcutaneously (Mahar et al., 2011) or through direct infusion into the lateral

ventricle (Ghashghaei et al., 2006).

Adult neurogenesis was not previously characterized in SNAP25"" mice.
Here, I showed that adult SVZ proliferation was unaffected in SNAP25"" mice. In
addition, adult hippocampal neurogenesis was unchanged in SNAP25"" mice (data
not shown). However, adult hippocampal neurogenesis was previously studied in
SNAP-25 knock-in mice, which carry a different type of Snap25 mutation (as
described in section 3.1.1). In adult SNAP-25 knock-in mice, hippocampal
proliferation was reduced as demonstrated with Ki67 marker as well as with multiple
BrdU injections (Ohira et al., 2013). In addition, the number of Dcx+ cells in the
dentate gyrus was decreased in adult SNAP-25 knock-in mice indicating reduced
hippocampal neurogenesis (Ohira et al., 2013). The inconsistency in adult
neurogenesis between SNAP25" and SNAP-25 knock-in mice might be due to the
variation in the type of mutation in Snap25 gene, which may differentially affect

Snap25 protein function. Our SNAP25"" mice show normal expression of Snap25
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protein although the protein function is disrupted (Jeans et al., 2007, Oliver and
Davies, 2009), however there is 50% reduction in Snap25 protein expression in
SNAP-25 knock-in mice (Kataoka et al., 2011). Therefore, the normal expression of
Snap25 protein in our SNAP25"" mice might be sufficient to maintain adult

neurogenesis.

3.3.2 Evidence for reduced neuroblast migration in the RMS of adult GxE

model, but not in genetic mutation models

I found that the surface area occupied by migratory neuroblasts in the RMS was
significantly reduced in adult Sdy mice given postnatal polyl:C injections, which may
indicate reduced number of neuroblasts in the RMS due to decreased neuroblast
migration from the SVZ. Since proliferation in the RMS was unaffected in the GxE
model, this may exclude the effect of RMS proliferation in the observed reduction in
surface area of Dcx+ cells in the RMS, but may rather indicate reduced levels of
neuroblast migration from the SVZ. This is further supported since SVZ proliferation
was reduced in the GXE model, which probably resulted in fewer neuroblasts being
available to migrate in the RMS. However, this proposed reduction in neuroblast
migration in the GXE model is still to be confirmed using other techniques such as
RMS explant migration assay or time-lapse imaging of neuroblast migration in brain

slices.

Interestingly, dysbindin-1 regulated transcriptional activity of RelA, which
promoted matrix metalloproteinase-9 (MMP-9) expression (Fu et al., 2015) and

MMP-9 was shown to be important in the migration of SVZ neuroblasts (Lee et al.,
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2006). Since I found that dysbindin-1 loss in Sdy mice resulted in inhibited RelA
expression after inflammation (Chapter 4), this may indicate that Sdy polyl:C mice
also have inhibited MMP-9 expression and therefore decreased neuroblast migration
in the RMS. Also, Sp1 expression was inhibited in Sdy polyl:C mice (Chapter 4) and
Spl was shown to regulate MMP-9 expression in migratory and invasive cancer
(Hung et al., 2010). Taken together, inhibited RelA and Spl expression in the Sdy
polyl:C mice (GxXE model) may dysregulate MMP-9 expression which together may

support the proposed reduction in neuroblast migration in the RMS of the GXE model.

On the other hand, I found that the area of migratory neuroblasts was
unaffected in adult SNAP25"" and NRG1®P"*¢ overexpressing mice. The role of
Snap25 in cell migration has not been previously characterized. However, another
study reported that short-term (24 hours) infusion of Nrgl into the lateral ventricle
induced aggregation of neuronal progenitors into clusters in the SVZ, and that
continuous infusion of Nrgl for 3- or 7-days into the lateral ventricle inhibited the
migration of neuroblasts from the SVZ to the RMS (Ghashghaei et al., 2006). This
discrepancy between my work and their work might be because they exogenously
infused Nrgl specifically into the lateral ventricle, which may attract and retain
neuroblasts in the SVZ resulting in reduced migration to the RMS (Ghashghaei et al.,
2006). This is especially since Nrgl was previously shown in vitro to act as a
chemoattractant for SVZ cells (Anton et al., 2004). However, in our transgenic mouse
model only type I of Nrgl, and not all six types, was overexpressed in various brain
regions and not specifically in the SVZ. Therefore, variations in experimental design
between our transgenic model and the previous publications probably caused the

differential effects of Nrgl in migratory neuroblasts.
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3.3.3 GxE model showed schizophrenia-relevant behaviours in adulthood

In order to characterize the behavioural phenotypes of our GxE model, prepluse
inhibition (PPI), novel object recognition and locomotor activity were tested. Here,
our adult GXE model showed a significant reduction in PPI, suggesting sensorimotor
gating deficits. Although adult Sdy mice were previously reported to show a
significant decrease in PPI (Carlson et al., 2011), this did not reach a statistical
significance in the current study. Interestingly, postnatal polyl:C injections reduced
the ability of our adult WT mice to recognize novel objects and this is consistent with
a previous study (Ibi et al., 2009). In addition, object recognition memory was also
disrupted in our adult Sdy mice supporting previous reports (Feng et al., 2008,
Bhardwa;j et al., 2009). In our GXE model, object recognition memory was also
disrupted and this is consistent with another study that showed this effect in adult
DISC1 mutant mice that were postnatally injected with polyl:C (Ibi et al., 2010).
Taken together, our adult GXE model showed behavioural deficits relevant to

schizophrenia.

Furthermore, repeated polyl:C injections in postnatal WT and Sdy pups
caused a significant decrease in body weights in young (P37-38) and later (72-73)
adulthood. This detrimental effect of polyl:C in reducing body weight was also
evident in early postnatal pups (P5-9) and P12 of both genotypes, although the effect
seemed more severe in Sdy pups (data not shown). Interestingly, locomotor activity
was significantly reduced in adult Sdy, but not WT, mice that were postnatally given
polyl:C (GxE model). The normal locomotion in adult WT mice given postnatal

polyl:C is also consistent with another study (Ibi et al., 2009). Although locomotion
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was previously reported to decrease in adult Sdy mice that were not postnatally
immune challenged (Hattori et al., 2008), this was not noticed in the current study.
The decrease in locomotion in our adult GXE model, but not in adult Sdy saline group,
suggests a deleterious effect of polyl:C in mutant mice during postnatal development
that might be long-lasting. Another study showed that a single systemic injection of
polyl:C in adult WT mice caused a dose-dependent decrease in body weight and
locomotor activity that was fully recovered 24-96 hours post injection (Cunningham
et al., 2007). This supports previous reports that the impact of immune challenge
during early postnatal life is more severe and persists for longer period of time than in
adulthood (reviewed in (Holladay and Smialowicz, 2000)). Together, depressive-like
and sickness behaviours were induced in our GXE model, suggesting that neonatal
inflammation in combination with a genetic vulnerability to schizophrenia may

amplify the likelihood of developing the negative symptoms in adulthood.
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3.4 Conclusions

I report novel evidence for a gene (dysbindin-1 mutation) x environment (postnatal
polyl:C) interaction in schizophrenia that negatively affected adult SVZ proliferation
and the population of migratory neuroblasts in the RMS. Moreover, these
observations were correlated with behavioural abnormalities relevant to schizophrenia
in adulthood. Since postnatal immune challenge in dysbindin-1 mutant mice impacted
SVZ proliferation in adulthood, this may suggest a critical requirement for dysbindin-
1 during postnatal development in order to maintain SVZ proliferation as well as to
mediate the inflammatory response. These aims were addressed in the next chapter

(Chapter 4).
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4.1 Introduction

It has become increasingly clear that genetic or environmental risk factors alone may
not be sufficient to give rise to schizophrenia. For example, a study showed that
developing schizophrenia was five times greater in individuals exposed to infection
during early brain development and who also had a family history of psychosis than
those who did not (Clarke et al., 2009). To date, the majority of schizophrenia-related
studies have either investigated the effects of genes or environments separately, or
only described the outcome of multiple risk factors. To the best of my knowledge,
only one study described an underlying mechanism for the gene x environment (GxE)
interactions in schizophrenia in which an environmental stressor epigenetically
regulated dopaminergic neurons via glucocorticoids, and this was only observed in a
genetic model of schizophrenia (Niwa et al., 2013). However, the authors did not
describe why the environmental factor affected only the genetic model of the disease.
Therefore, the aim of this chapter was to investigate how the GXE risk factors of
schizophrenia might functionally interact and regulate each other, and the impact of
this interaction on neurodevelopment. I demonstrated this using dysbindin-1 mutant
(i.e. Sdy) mice as a genetic risk factor in combination with polyl:C as an
environmental risk factor, and SVZ proliferation was analysed at postnatal day 12

(P12).
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4.1.1 Genes upregulated following polyl:C-induced inflammation

In order to determine whether dysbindin-1 might functionally affect polyl:C induced
inflammation, it is important to consider the genes that are induced in response to

polyl:C, and any possible interactions they may have between each other.

PolyI:C is a double-stranded (dsRNA) which is a by-product of a wide range
of replicating viruses (Jacobs and Langland, 1996). Therefore, using polyl:C mimics
viral infections, and it is one of the major tools that immunologists use to study
inflammation-related mechanisms. Upon polyl:C administration, it activates its
specific receptor toll-like receptor 3 (TIr3). RelA is a transcription factor downstream
from TIr3 (reviewed in (Kawai and Akira, 2010)). Several studies demonstrated that
Sp1 transcription factor and RelA transactivate each other during various types of
viral infections (Doyle et al., 2013, Gu et al., 2002, Perkins et al., 1994, Yurochko et
al., 1997). Specifically, polyl:C was shown to induce RelA binding to the Spl
promoter and to activate its transcription (Doyle et al., 2013). Interestingly, both RelA
(Song et al., 2009) and Sp1 (Ben-Shachar and Karry, 2007, Pinacho et al., 2014) have

been implicated in schizophrenia.

4.1.2 Function of polyl:C-induced genes in CNS proliferation

A second aim of this chapter was to determine possible correlations between polyl:C-
induced genes (i.e. Tlr3, RelA and Spl) and postnatal SVZ proliferation, and whether

loss of dysbindin-1 in Sdy mice may alter the observed effects.
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Several studies have suggested a possible role of TIr3 in regulating CNS
proliferation. For example, TIr3 expression in the neuroepithelium (ventricular zone)
was shown to be highest during early embryonic development when neural progenitor
cells (NPCs) were highly proliferative, however TIr3 expression declined when
neurogenesis and gliogenesis commenced, indicating a role of Tlr3 in proliferation
(Lathia et al., 2008). Moreover, embryonic-derived NPCs cultured as free-floating
neurospheres highly expressed TIr3 but its expression sharply decreased when these
neurospheres were induced to differentiate (Lathia et al., 2008), providing further
evidence for the role of TIr3 in proliferation. Since TIr3 expression in the CNS
gradually declines with age (reviewed in (Barak et al., 2014)), this highlights the
important role of TIr3 during early brain development when proliferative potential is
highest, and that Tlr3 dysregulation during early neurodevelopment may have long-

lasting effects.

Similarly, RelA (a subunit of NF-«B) also has proliferative functions in the
CNS. This was reported in adult SVZ neurospheres in which RelA activation was
essential for neurosphere proliferation via upregulation of its target gene cyclin DI.
Inhibiting RelA activity reduced cyclin D1 expression and resulted in significantly
decreased proliferation (Widera et al., 2006). This was the first study to report the role
of NF-«B activation in adult neurosphere proliferation (Widera et al., 2006). In
embryonically derived neurospheres, loss of RelA and p50 subunits of NF-«B was
also shown to significantly inhibit proliferation (Young et al., 2006). A functional role
of RelA in inducing proliferation and inhibiting myogenic differentiation was also

demonstrated in non-CNS cell lines (Guttridge et al., 1999). Taken together, induction
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of TIr3 and RelA following polyl:C-induced inflammation may also affect

proliferation in the SVZ.

Spl has been extensively studied in various cancers due to its role in
promoting cell proliferation. Spl plays key functions in mediating cell-cycle
progression by regulating the expression of cell-cycle regulatory genes such as cyclin
B1, cyclin DI and cyclin E1 as well as thymidine kinase (reviewed in (Mao et al.,
2009)). Also, Spl promotes the expression of various growth factors and their
receptors, such as FGF, IGF1/R and EGF/R (reviewed in (Beishline and Azizkhan-
Clifford, 2015)). Spl knockdown was shown to block mitosis; highlighting the
essential role of Spl in inducing cell proliferation (reviewed in (Mao et al., 2009)). In
the CNS, Sp1 expression dramatically decreased during neuronal differentiation (Mao
et al., 2009, Mao et al., 2007), suggesting its role in cell proliferation. Also,
overexpression of Spl was associated with increased proliferation of glioma cells in
brain cancer (Guan et al., 2012, Luo et al., 2015, Xu and Shu, 2007, Yan et al., 2000).
Sp1 was also reported to mediate the function of nerve growth factor (NGF) (Miura et
al., 2012, Sobue et al., 2005), and NGF was shown to induce SVZ proliferation
(Scardigli et al., 2014). Hence, Spl may also regulate SVZ proliferation during

inflammation.
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4.1.3 Research questions

To date, no studies have examined the combined effect of GXE risk factors for
schizophrenia on proliferation in neurogenic niches during early brain development.
Despite the well-described genetic and environmental risk factors for schizophrenia,
direct functional interactions between these two factors have remained elusive.

Therefore, I sought to address the following questions:

1) What is the impact of combined dysbindin-1 mutation x postnatal polyl:C
injections on postnatal SVZ proliferation?

2) Does the dysbindin-1 mutation affect the response of postnatal SVZ cells to
polyl:C induced inflammation in vivo and/or in vitro?

3) Is there a correlation between postnatal SVZ proliferation and the expression of
TIr3, RelA and Sp1 genes following polyl:C administration?

4) Does the dysbindin-1 (Dtnbpl) gene play a functional role in mediating the

expression of Tlr3, RelA and Spl genes?



102

4.2 Results

4.2.1 Postnatal SVZ proliferation was reduced in the GXE model

In order to determine the effect of GXE factors on SVZ proliferation, repeated saline
or polyl:C injections (fig.4.1A) were given to WT and Sdy mice and the total number
of SVZ mitotic (PHi3+) cells were quantified in all four groups as illustrated in figure
4.1B. There was a significant decrease in the number of SVZ proliferative cells in Sdy
mice given polyl:C in comparison to WT saline group as determined using two-way
ANOVA followed by Tukey’s multiple comparisons test (P<0.05; N=3 per group;
fig.4.1B). Although the significant difference detected in this experiment was based
on three mice per group, a post hoc power analysis was conducted in order to
determine the statistical power of the results. This was performed using GPower
Software (version 3.1.9.2) which showed that a total sample size of 12 mice in four
groups with an effect size of (f=0.938) from my data and the alpha set at 0.05 was
sufficient to reach a power of 0.811 (>80% chance) for detecting differences between
groups. This indicates that the reduced number of PHi3+ cells in the SVZ of Sdy
polyl:C group was likely due to the significant effect of the combination of polyl:C

injections and dysbindin-1 mutation which was not limited by the small sample size.

In addition, the number of mitotic neuroblasts (PHi3+/Dcx+) was quantified in
the postnatal SVZ (fig. 4.1C). Although there was a significant main effect of polyl:C
injections in the number of PHi3+/Dcx+ cells (two-way ANOVA; F(1,8)=5.763;
P<0.05; N=3 per group; fig.4.1C), Tukey’s multiple comparisons test did not reveal a

specific difference among all four groups. Therefore, a priori power analysis was
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conducted using GPower Software in order to determine the number of mice that are
needed to reach a statistical significance between the groups. Based on the following
parameters (effect size f=0.258, alpha=0.05, power=0.80), a total of 25 mice are
required in order to reach >80% chance for detecting differences between groups in

the number of PHi3+/Dcx+ SVZ cells.

Representative images for the co-localization of PHi3+/Dcx+ are shown in
figure 4.1 for WT saline group (D-D”) versus Sdy polyl:C group (E-E”). Taken
together, these results indicated that the genetic or environmental risk factors alone
were not sufficient to affect postnatal SVZ proliferation. However a combination of

GxE factors significantly reduced postnatal SVZ proliferation.
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Figure 4.1 Postnatal polyl:C injections reduced SVZ proliferation in
Sdy but not WT mice at P12

(A) Experimental design of postnatal saline or polyl:C injections in WT and
Sdy mice. Brains were collected for analysis at postnatal day 12 (P12).

(B) Mean number of mitotic (PHi3+) cells in the SVZ at P12. Mean + SEM.
Data were analyzed using two-way ANOVA with Tukey’s post-hoc test.
N=3 per group. *P<0.05.

(C) Mean number of SVZ proliferative neuroblasts (PHi3+/Dcx+). Mean +
SEM. Data were analyzed using two-way ANOVA with Tukey’s post-hoc
test. N=3 per group.

(D-E) Representative images of double-labeled PHi3+/Dcx+ cells in the
SVZ showing reduced number of PHi3+ cells in Sdy polyl:C group (E)
compared to WT saline group (D). Scale bar 100pm.

(D’-E”) Orthogonal views of PHi3+/Dcx+ cells in WT saline (D’-D”) and
Sdy polyl:C (E’-E”) groups magnified from the yellow-boxed areas in D
and E, respectively. Scale bar 20um.
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4.2.2 Postnatal inflammatory response in the SVZ was induced in WT but not

Sdy mice following in vivo and in vitro polyl:C administration

Saline or polyl:C was administered to WT and Sdy mice (fig.4.2A) and to their SVZ-
derived neurospheres (fig.4.3A), and the expression of dysbindin-1 (Dtnbpl), Tlr3,
RelA and Spl genes in the SVZ was normalized to the geometric mean of two
housekeeping genes (Vandesompele et al., 2002); B-actin and ribosomal 18S. Within
each separate experiment, the arbitrary unit for all genes in WT saline and Sdy saline
groups were set to 1. Gene expression in WT polyl:C group was calculated relative to
their WT saline littermates; whereas gene expression in Sdy polyl:C group was

relative to their Sdy saline littermates.

Following repeated ip injections of saline or polyl:C to WT and Sdy mice
(fig.4.2A), in vivo expression of dysbindin-1 (Dtnbp1) gene was significantly induced
in WT polyl:C group (~1.6 fold increase) in comparison to the WT saline group
(Student’s two-tailed t-test (t(4)= 9.721; N=3; P<0.001; fig. 4.2B). Also, increased
gene expression of TIlr3 (~1.9 fold), RelA (~1.6 fold) and Spl (~1.7 fold) was
detected in the in vivo WT polyl:C group compared to the WT saline group as
analyzed using Student’s two-tailed t-test (N=3; fig.4.2B). However, in vivo polyl:C
injections to Sdy mice did not cause a significant difference in Tlr3, RelA and Spl
gene expression in comparison to the Sdy saline group (Student’s two-tailed t-test;

N=3; P>0.05; fig.4.2B).
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Figure 4.2 Inflammatory response was induced in WT but not Sdy
mice following polyl:C injections ir vivo

A) Experimental design of in vivo saline or polyl:C ip injections to WT
and Sdy mice from postnatal day 5 (P5) to P9. SVZ was dissected at P12
and used in RT-qPCR (B).

(B) Expression of dysbindin-1 (Dtnbpl) gene was undetermined (UD) in
Sdy neurospheres. Relative to the WT saline group, gene expression of
Dtnbpl, TIr3, RelA and Spl, was all significantly increased in WT
polyl:C group. However, gene expression of Tlr3, RelA and Spl was not
statistically different between Sdy saline and Sdy polyl:C groups. Mean +
SEM from three independent experiments. Data were analyzed using
Student’s two-tailed t-test.

*P<0.05; **P<0.01; ***P<0.001.
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In vitro polyl:C administration to WT neurospheres significantly increased
dysbindin-1 (Dtnbpl) gene expression (~1.8 fold increase) in comparison to the WT
saline group as analysed using Student’s two-tailed t-test (t(4)=6.632; N=3; P<0.01;
fig. 4.3B). Similarly, increased gene expression of Tlr3 (~1.5 fold), RelA (~2 fold)
and Spl (~1.6 fold) was all found in the in vitro WT polyl:C group compared to the
WT saline group (Student’s two-tailed t-test; N=3; fig.4.3B). However, in vitro
polyl:C administration to Sdy neurospheres significantly reduced gene expression of
RelA (~0.5 fold) and Sp1 (~0.6 fold), but not Tlr3 (~0.8 fold), in comparison to Sdy
saline group (Student’s two-tailed t-test; N=3; fig.4.3B). Taken together, WT (but not
Sdy) mice responded to the inflammatory stimuli, polyl:C, and induced the expression
of Tlr3, RelA and Spl in the SVZ both in vivo and in vitro. Unpredictably, polyl:C
also induced the expression of dysbindin-1 in the SVZ of WT mice and neurospheres,

indicating a potential role for dysbindin-1 in regulating inflammation.
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Figure 4.3 Polyl:C induced inflammatory response in WT but not Sdy
mice in vitro

(A) Experimental design of SVZ-derived neurospheres (NS) used in RT-
gPCR (B). 3° denotes tertiary; hpi means hours post-incubation.

(B) Dysbindin-1 (Dtnbp1) gene expression was undetermined (UD) in Sdy
neurospheres. Gene expression of Dtnbpl, TIr3, RelA and Spl was all
significantly induced in WT polyl:C group relative to the WT saline group.
However, gene expression of RelA and Spl, but not Tlr3, was significantly
reduced in Sdy polyl:C group compared to the Sdy saline group. Mean +
SEM from three independent experiments. Data were analyzed using
Student’s two-tailed t-test.

*P<0.05; **P<0.01.
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4.2.3 TIr3 immunohistochemical expression was increased in postnatal WT but

not Sdy mice following in vivo polyl:C injections

To further confirm my RT-qPCR data, Tlr3 immunohistochemistry in the dorsal SVZ
was qualitatively analyzed in the postnatal WT and Sdy mice following repeated
saline or polyl:C injections (fig.4.4A). Images were captured in the dorsal SVZ
(fig.4.4B) using the same exact settings and slides were coded in order to avoid any
biased comparisons. As shown in figure 4.4(C), I confirmed the expression of Tlr3
protein in the dorsal SVZ of WT saline group. Interestingly, polyl:C injections in WT
mice enhanced TIr3 protein expression in the dorsal SVZ (fig.4.4D) in comparison to
WT saline group (fig.4.4C). Baseline expression of Tlr3 protein in Sdy saline group
(fig.4.4E) seemed slightly reduced compared to WT saline group (fig.4.4C). Postnatal
polyl:C injections in Sdy mice seemed to further reduce TIr3 protein expression
(fig.4.4F) compared to Sdy saline group (fig.4.4E). Together, my TIr3
immunohistochemistry confirmed my RT-qPCR data and showed that protein
expression of Tlr3 was increased in the postnatal SVZ of WT, but not Sdy, mice given

polyl:C.
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Figure 4.4 Postnatal polyl:C induced TIr3 protein expression in WT mice but
reduced its expression in Sdy mice

(A) Experimental design of postnatal saline or polyl:C injections in WT and Sdy mice.
Brains were collected for analysis at postnatal day 12 (P12).

(B) Anatomical location of the dorsal SVZ (white-boxed area) in which all images in
(C-F) were taken. Scale bar 200pm.

(C-F) Representative images of Tlr3 staining in the dorsal SVZ of WT saline (C), WT
polyl:C (D), Sdy saline (E) and Sdy polyl:C (F) groups. These were representative of
N=2-3 per group. Scale bar 50pm.
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4.2.4 Nucleofection with dysbindin-1 (Dtnbp1) gene rescued the expression of

TIr3 and RelA in postnatal Sdy neurospheres

In order to confirm whether TIr3, RelA and Spl were directly regulated by dysbindin-
1, I carried out a rescue experiment in which mock or murine dysbindin-1 (Dtnbp]1)
gene was nucleofected into neurospheres derived from Sdy mice (fig.4.5A).
Following 24 hours post nucleofection, neurospheres were incubated with saline or
polyl:C for three hours (fig.4.5A). As shown in figure 4.5(B), dysbindin-1 (Dtnbp1)
gene started to be expressed in Sdy neurospheres nucleofected with Dtnbpl gene
(positive control), however Dtnbpl gene was not expressed in mock nucleofected Sdy
neurospheres (negative control). In Dtnbpl nucleofected neurospheres, polyl:C
caused a slight but non-significant increase in Dtnbpl gene expression compared to
saline incubated neurospheres (Student’s two-tailed t-test; P>0.05; N=3; fig.4.5B),
suggesting that nucleofected neurospheres were also responsive to polyl:C. In
comparison to mock nucleofected neurospheres, Dtnbpl gene caused an
approximately four-fold increase in Tlr3 expression in Sdy neurospheres regardless of
the treatment (two-way ANOVA followed by Tukey’s multiple comparisons test;
P<0.0001; N=3; fig.4.5B). Similarly, RelA expression was significantly induced in
Dtnbp1 nucleofected neurospheres that were incubated with saline compared to mock
nucleofected neurospheres that were incubated with saline (P<0.05) or polyl:C
(P<0.01) (two-way ANOVA with Tukey’s multiple comparisons test; N=3; fig.4.5B).
Although there was a slight increase in Spl expression following Dtnbpl
nucleofection, this did not reach statistical significance (two-way ANOVA with
Tukey’s post-hoc test; P>0.05; N=3; fig.4.5B). Taken together, dysbindin-1

intrinsically regulated the expression of Tlr3 and RelA in the SVZ cells.
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Figure 4.5 Nucleofecting Sdy neurospheres with dysbindin-1 (Dtnbp1) gene
rescued expression of Tlr3 and RelA genes

(A) Design of nucleofection (NF) experiment in which SVZ-derived
neurospheres (NS) were used in RT-qPCR (B). 4° denotes quaternary; hpi
means hours post-incubation.

(B) Expression of dysbindin-1 (Dtnbp1) gene was undetermined (UD) in mock
NF Sdy neurospheres that were incubated with saline or polyl:C. However,
expression of Dtnbpl gene was induced in Sdy NS following nucleofection
with Dtnbpl gene. Relative to mock NF neurospheres, gene expression of Tlr3
and RelA, but not Spl, was significantly induced following nucleofection with
Dtnbpl gene in Sdy neurospheres. Mean + SEM from three independent
experiments. Data were analyzed using two-way ANOVA with Tukey’s post-
hoc test.

*P<0.05; **P<0.01; ****P<0.0001.
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4.2.5 Proposed (dysbindin-1)-TIr3-RelA-Sp1 signalling pathway during polyl:C-

induced inflammation

Based on my results described above, I propose a novel functional role for dysbindin-
1 in mediating Tlr3-RelA-Spl signalling pathway (fig.4.6). Previously, Tlr3, RelA
and Sp1 were all shown to mediate cell proliferation. Since our GXE model showed an
inhibited expression of TIr3, RelA and Spl (i.e. disrupted inflammatory response),

this might explain the reduction in SVZ proliferation.

Cytoplasm

Endosome

Nucleus

Figure 4.6 Mechanistic role of dysbindin-1 in regulating inflammatory
response and maintaining SVZ proliferation during inflammation

Following polyl:C (dsRNA) recognition by Tlr3, it becomes activated (1) and
induces RelA (2) which transactivates Spl (3). Spl is predicted to bind to the
promoter region in dysbindin-1 (Dtnbpl) gene (4) and this might explain the
increase in dysbindin-1 (Dtnbpl) gene expression that 1 found (5). I predict
dysbindin-1 protein binds directly to TIr3 protein and mediates its function (6).
Together, these genes maintain SVZ proliferation during inflammation.

Note: for simplicity, RelA-Spl transcriptional regulation is drawn in the
cytoplasm. References for numbers 1 to 4 in the diagram are as follows:
1&2(Alexopoulou et al., 2001); 3(Doyle et al., 2013) and 4(Liao and Chen,
2004).
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4.3 Discussion

In this chapter, I showed novel data that repeated polyl:C injections resulted in a
significant reduction of SVZ proliferation in Sdy, but not WT mice at P12. This might
be due to the inhibited inflammatory response in the GXE model that I have confirmed
both in vivo and in vitro. Unexpectedly, polyl:C induced dysbindin-1 expression
suggesting a role for dysbindin-1 in mediating inflammation. I have confirmed this by
nucleofecting Sdy neurospheres with Dtnbp1 gene that rescued the gene expression of

T1r3 and RelA.

4.3.1 Decreased SVZ proliferation in the postnatal GXE model

Proliferation in the postnatal SVZ has not been previously characterized in response
to systemic inflammation. Here, I showed that SVZ proliferation was slightly but non
significantly reduced in postnatal WT mice given polyl:C. However, loss of
dysbindin-1 in Sdy mice resulted in a significant reduction in postnatal SVZ
proliferation following polyl:C injections. These results suggested a role of

dysbindin-1 in maintaining proliferation post inflammation.

Current studies have primarily administered polyl:C during embryonic
development, and studied proliferation at various stages of development. However,
the time-point of inducing inflammation is critical and may result in confounding
differences between studies. To the best of my knowledge, studies were consistent in
showing that polyl:C administration during embryonic development resulted in

significant reductions in CNS proliferation. For example, polyl:C injection in
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pregnant mice reduced proliferation of embryonic cortical progenitors (Soumiya et
al., 2011) as well as cerebral cortical cells in P8 pups (De Miranda et al., 2010).
Similarly, proliferation was significantly reduced in embryonic cortical neurospheres
cultured with polyl:C (Lathia et al., 2008, Yaddanapudi et al., 2011). Since the
expression of polyl:C specific ligand, Tlr3, was shown to be higher during embryonic
than postnatal development (Lathia et al., 2008), this may indicate that activating TIr3

embryonically may cause stronger detrimental effect than postnatal activation.

4.3.2 Inhibited immune response in the postnatal GXE model

I have shown that Tlr3, RelA and Spl genes were expressed both in vivo and in vitro
in the postnatal SVZ of WT and Sdy mice. Following polyl:C administration, WT
mice increased the expression of these genes. However, Sdy mice showed an
inhibited expression of TIr3, RelA and Spl following polyl:C administration,
indicating a role of dysbindin-1 in regulating the inflammatory response. I have
further confirmed this at the protein level that showed reduced expression of Tlr3 in
Sdy mice given polyl:C compared to increased expression of TIr3
immunofluorescence in WT polyl:C group. Furthermore, the baseline expression of
TIr3 protein in Sdy mice looked slightly reduced than in WT mice, which may
suggest disrupted expression of Tlr3 protein in Sdy mice under normal conditions.
The further reduction in Tlr3 protein expression in Sdy mice given polyl:C might be
due to the increased cellular consumption of the available Tlr3 proteins, and that loss
of dysbindin-1 may disrupt the ability of Sdy cells to generate more TIr3 proteins in
order to meet the increased cellular demand during inflammation. Therefore, this may

have resulted in decreased TIr3 expression in our GXE model. Interestingly, this was
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also consistent with another study that showed reduced TIr3 expression following
polyl:C administration to monocytes derived from schizophrenic patients (Muller et

al., 2012).

4.3.3 Decreased SVZ proliferation was correlated with inhibited immune

response in the postnatal GXE model

As described in the introduction of this chapter, Tlr3, RelA and Sp1 all play important
functions in CNS proliferation. Here, I showed that polyl:C induced the expression of
these genes in WT mice and was associated with maintained SVZ proliferation.
However, Sdy mice given polyl:C showed inhibited expression of these genes, which
was correlated with reduced SVZ proliferation. Together, these may suggest novel
roles for dysbindin-1 in regulating immune response and maintaining SVZ

proliferation during inflammation.

4.3.4 Polyl:C increased dysbindin-1 expression in the postnatal SVZ

The role of dysbindin-1 in immunity has not previously been reported. Unexpectedly,
I found increased expression of dysbindin-1 in the SVZ after polyl:C administration
in WT mice and also in WT neurospheres incubated with polyl:C. Since polyl:C
induced Spl expression in WT mice and neurospheres, this may suggest
transcriptional upregulation of dysbindin-1 expression via Spl transcription factor.
Sp1 is predicted to directly bind to the promoter region in dysbindin-1 gene (Liao and
Chen, 2004), therefore it would be interesting to confirm this in the SVZ (fig.4.6).

However, this does not exclude the possibility that RelA itself may also directly bind
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to dysbindin-1 gene and promote its transcription, although this needs to be verified.
This is especially since dysbindin-1 and RelA proteins were shown to interact in the
nucleus, and since dysbindin-1 protein regulated RelA transcriptional activity (Fu et
al., 2015). Therefore, it would be interesting to confirm whether Spl and/or RelA
directly bind to the promoter region in dysbindin-1 gene and regulate its expression in
the SVZ. Since both dysbindin-1 and TIr3 are subcellularly localized in endosomes, it
would be interesting to determine through co-immunoprecipitation whether
dysbindin-1 protein directly binds to Tlr3 protein specifically to the TRIF-domain,
which is an essential adapter protein for mediating TIr3 signalling as described in
Chapter 1. This would clarify whether dysbindin-1 regulates Tlr3 function directly or
indirectly (fig.4.6). Also, it is still an open question to determine if dysbindin-1

mediates signalling of other toll-like receptors that are involved in innate immunity.

In addition to the abovementioned novel roles of dysbindin-1 in immune
function, dysbindin-1 upregulation during inflammation may have proliferative
functions. I have already provided evidence here showing that loss of dysbindin-1 in
Sdy mice disrupted SVZ proliferation after polyl:C induced inflammation. Also,
dysbindin-1 overexpression was shown to induce cardiac hypertrophy (Rangrez et al.,
2013), suggesting a role in proliferation. Moreover, a study reported amplification of
chromosome 6p22.3 in aggressive cancer cells (Shen et al., 2013) and dysbindin-1
gene is localized in this region of the chromosome (Straub et al., 2002). Together,

dysbindin-1 itself may also mediate SVZ proliferation during inflammation.



118

4.3.5 Dysbindin-1 (Dtnbp1) gene rescued the expression of immune-related genes

in Sdy neurospheres

In order to further confirm the functional association of dysbindin-1 to Tlr3, RelA and
Sp1, I have nucleofected Sdy neurospheres with the dysbindin-1 (Dtnbpl) gene and
analyzed the expression of these genes. Interestingly, expression of dysbindin-1 as
well as Tlr3 and RelA, but not Sp1, was upregulated post nucleofection. This supports
my proposed feedback loop from dysbindin-1 to TIr3-RelA-Spl (fig.4.6).
Additionally, it confirms a functional role of dysbindin-1 in regulating the expression
of immune-related Tlr3 and RelA genes. Since TIr3 expression was more strongly
upregulated than RelA expression following dysbindin-1 overexpression, this may
provide further evidence for the potential direct interaction between dysbindin-1 and
Tlr3 proteins as discussed above in section 4.3.4. This notion is also supported since

Tlr3 immunofluorescence was reduced in the SVZ of Sdy mice (section 4.3.2).

On the other hand, polyl:C did not cause further increase in the expression of
dysbindin-1, TIr3 and RelA in Sdy neurospheres nucleofected with dysbindin-1
(Dtnbp1) gene, and this might be because dysbindin-1 was not endogenously
expressed in these mutant neurospheres. Nucleofecting Sdy neurospheres with
dysbindin-1 (Dtnbpl) gene only transiently rescued the expression of dysbindin-1,
Tlr3 and RelA, and therefore the mutant neurospheres were naturally incapable of
responding to polyl:C by further inducing the expression of these genes during

inflammation as discussed earlier in section 4.3.2.
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4.4 Conclusions

A recent genome-wide association study identified a significant association of
schizophrenia with immune signalling pathways (Network and Pathway Analysis
Subgroup of Psychiatric Genomics, 2015). I report here novel evidence for the role of
the schizophrenia-related dysbindin-1 in mediating innate immunity. I demonstrated
this in the postnatal GXE model in which disrupted Tlr3-RelA-Sp1 signalling pathway
was correlated with reduced SVZ proliferation. This suggests that preventing
inflammation in schizophrenia by using anti-inflammatory drugs may alleviate these
detrimental effects. The results support previous reports regarding the benefits of
using non-steroidal anti-inflammatory drugs (NSAIDs) in reducing symptoms

severity in schizophrenic patients (Sommer et al., 2012, Sommer et al., 2014).
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5.1 Introduction

Microglia are the resident macrophages in the brain and are involved in active
immune responses against infection or injury. In rodents, macrophages that are
generated in the yolk sac from embryonic day 8 (E8) start to colonize the
neuroepithelium from E9/E9.5 and give rise to embryonic microglia (reviewed in
(Ginhoux and Prinz, 2015)). These embryonic microglia maintain themselves in the
brain parenchyma through local proliferation during late gestation and early postnatal
development as shown in figure 5.1 (reviewed in (Ginhoux and Prinz, 2015)).
Increased microglial density (Radewicz et al., 2000) as well as microglial activation
(van Berckel et al., 2008) has been reported in human schizophrenic patients. Given
the neurodevelopmental etiology of schizophrenia, this suggests microglia may be
dysfunctional during early brain development. In this chapter, I have addressed this
hypothesis using postnatal Sdy mice that were given peripheral polyl:C injections,
which together represent gene x environment (GxE) model of schizophrenia. On the
other hand, increased lymphocyte infiltration has been found in the hippocampus of
schizophrenic patients (Busse et al., 2012). Therefore, I sought to address whether our
postnatal GXE model might show enhanced leukocyte infiltration into the developing
brain. Given the possible association of schizophrenia with abnormal cytokine
expression (reviewed in (Watanabe et al., 2010)), I investigated whether our GxE
model also show abnormal cytokine secretion. Together, I have addressed these aims
in the subventricular zone (SVZ) since it is in contact with the cerebrospinal fluid
(CSF), the major source of substance exchange between the systemic circulation and

the brain.
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Figure 5.1 Origin of microglia during brain development

Microglia are first established at around E9.0/E9.5 when macrophages derived
from the yolk sac (YS) start to colonize the neuroepithelium. The blood-brain
barrier (BBB) starts to build from E13.5 isolating the CNS from peripheral
macrophages. Resident microglia in the brain expand through local proliferation
during late embryonic to early postnatal development. In adulthood, bone
marrow (BM) derived macrophages may cross the BBB during inflammation in
order supplement local microglial population in the brain.

Image adapted from (Ginhoux and Prinz, 2015).
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5.1.1 Microglia are inherently activated in the postnatal SVZ

Surprisingly, very little is known about SVZ microglia in the normal developing
brain. To the best of my knowledge, only two recent in vivo studies looked at SVZ
microglia during normal and early postnatal development (Shigemoto-Mogami et al.,
2014, Xavier et al., 2015). In the absence of any inflammation or injury, microglial
activation might be age dependent. In control embryos, more than 95% of microglia
revealed activated morphology (Cunningham et al., 2013). Postnatally, SVZ microglia
showed high activation at P1 (amoeboid shaped and positive for CD68) and this
activation gradually decreased at P4 and P10 with less activation at P30 (more
ramified and less positive for CD68) (Shigemoto-Mogami et al., 2014). This is in
agreement with a study by another group that confirmed that SVZ microglia at P1 and
P7 were more activated (CD68+) (Xavier et al., 2015) than in adulthood at P60 which
showed reduced CD68 labeling of microglia (Ribeiro Xavier et al., 2015). Although
SVZ microglial activation gradually decreased with age, microglia were generally
more activated in the SVZ than in the surrounding regions during early postnatal age

(Shigemoto-Mogami et al., 2014) and adulthood (Goings et al., 2006).

In order to study microglial activation in postnatal SVZ, I have used two
markers (Ibal and CD68). Ibal is an ionized calcium-binding adapter molecule 1 that
has a role in calcium homeostasis. In immunohistochemistry, Ibal strongly labels
both resting and activated microglia in the brain (Ito et al., 1998), but not
macrophages and monocytes (myeloid-cell lineage) (Imai et al., 1996). In order to
differentiate activated from resting microglia, I have co-labeled Ibal with another

marker, CD68 or Macrosialin. CD68 is primarily localized in lysosomes and
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endosomes and it is involved in promoting phagocytosis and clearing of cellular
debris (Holness et al., 1993). Since CD68 also labels monocytes, co-labeling CD68
with Ibal specifically represents activated microglia, whereas Ibal+ but CD68

negative are resting microglia.

5.1.2 Inflammation may induce leukocyte recruitment into the brain

Systemic inflammation may trigger leukocyte (immune cells) migration from the
bloodstream into the CNS where they differentiate into resident macrophages or
dendritic cells (reviewed in (Yang et al., 2014)). The likelihood of leukocyte
infiltration into the brain may rely on the blood-brain barrier, which is
developmentally regulated with a gradual increase in permeability with age. The
blood-brain barrier collectively describes four main interfaces between the CNS and
periphery: Blood-brain barrier, blood-CSF barrier, outer CSF-brain barrier and inner
CSF-brain barrier. Interestingly, the blood-CSF barrier at the choroid plexus has
higher permeability than the other barriers (reviewed in (Stolp et al., 2013)), and the
SVZ is located adjacent to the choroid plexus. Therefore, infiltration of systemic

molecules or cells can be best investigated in the SVZ region.

Here, CD45 antibody was used to label infiltrating leukocytes into the SVZ.
CD45 is a leukocyte common antigen which is highly expressed in all leukocytes but
only weakly in resident microglia (reviewed in (Guillemin and Brew, 2004)). As
discussed earlier, Ibal antibody strongly labels microglia but not leukocytes, therefore
bright amoeboid CD45+ cells but Ibal negative represent infiltrating leukocytes.

Because CD45 marker is broadly expressed in all leukocytes, it cannot be used alone
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to detect specific cell type (e.g. monocytes or macrophages) without the use of
multiple specific markers. However, the aim of this study was just to determine
whether there is immune cell infiltration from the periphery into the SVZ following

systemic polyl:C injections.

5.1.3 Neural progenitor cells in the SVZ as a potential source of secreted

cytokines

Cytokines are small secretory proteins that are constitutively produced and become
upregulated in response to inflammatory stimuli in order to regulate immune function.
Cytokines signal through cytokine receptors and are subdivided into different groups,
which include lymphokines, interleukins and chemokines (short for chemotactic
cytokines) and the latter are mainly involved in chemoattraction and recruitment of
leukocytes into inflamed tissue (reviewed in (Zhang and An, 2007)). Determining the
function of an individual cytokine can be difficult because several cytokines are
produced and interact with each other following immune insult, which together
determine the type of immune response (i.e. pro-inflammatory versus anti-
inflammatory). Moreover, each cytokine may have a completely different function
depending on the cell type from which it is secreted, the target cell and the specific
stage of immune response in which it is released (reviewed in (Borish and Steinke,

2003)).

Although cytokines are extensively studied in the peripheral immune system,
it has now become clear that cytokines are also produced in the CNS. Microglia,

astrocytes and neurons all express cytokine receptors and also secrete cytokines under



126

normal and inflammatory conditions (reviewed in (Woodroofe, 1995)). In comparison
to non-neurogenic brain regions, SVZ is unique in containing neural progenitor cells
(NPCs) that maintain themselves into adulthood. Given that microglia are
differentially regulated in neurogenic SVZ versus non-neurogenic regions (Goings et
al., 20006), this brings the question of whether NPCs might contribute in differentially
regulating immune function in the SVZ. One way to address this question is by
determining whether NPCs in the SVZ are capable of releasing cytokines and
therefore may participate in differential regulation of SVZ immune function through

extracellular cytokine signalling.

Interestingly, NPCs in SVZ-derived neurospheres were shown to express
chemokine receptors (Ji et al., 2004, Gordon et al., 2009) and were also directly
responsive to exogenous chemokines (Gordon et al., 2009, Gordon et al., 2012).
Although gene expression of various chemokines were detected in NPCs in SVZ
neurosphere assay (Turbic et al., 2011), it is still to be determined if NPCs are also
capable of releasing chemokines and/or cytokines. Therefore, one aim of this chapter
was to find whether NPCs in the SVZ may release cytokines and hence might be
involved in regulating SVZ immune function. Another aim was to determine if
cytokine secretion from NPCs might be altered in the GXE model. This can be ideally
addressed in SVZ-derived neurospheres that predominately consist of NPCs
(reviewed in (Conti and Cattaneo, 2010, Jensen and Parmar, 2006)) and any secreted

cytokines in culture medium can be easily harvested and analyzed.



127

5.1.4 Research questions

Current animal models of schizophrenia have not examined the effect of both GXE
factors on microglia and brain permeability during early postnatal development.
Furthermore, it is still unclear if NPCs might regulate SVZ immune function through
cytokine secretion, and whether this might be modulated in GXE model. In order to
address these questions, postnatal Sdy mice in combination with systemic
inflammation was used as model of GXE in schizophrenia. The aim of this chapter
was to specifically study in the SVZ: 1) microglial cell number, 2) microglial
activation, 3) leukocyte infiltration and cytokine secretion in a postnatal GXE model

of schizophrenia.
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5.2 Results

5.2.1 Dysbindin-1 loss was associated with increased microglial number in the

SVZ

Microglia in the SVZ were analyzed at P12 following repeated (P5-9) saline or
polyl:C injections to WT (N=4) and Sdy (N=6) pups. Using Ibal marker, total
number of microglial cells were quantified in the whole dorsal SVZ in all the four
groups. However, morphological differences of individual cells were not taken into
consideration at this stage. Two-way ANOVA revealed a main effect of the genotype
(F(1,16)=18.93; P<0.001; N=4-6 per group) regardless of the treatment (fig. 5.2A).
Specifically, Sdy mice showed significantly higher density of Ibal+ microglia in the
dorsal SVZ in comparison to WT mice. Representative images for Ibal+ cells in
dorsal SVZ are shown in figure 5.2 for WT saline group (B-B’) and Sdy polyl:C
group (C-C’). Surprisingly, polyl:C treatment within WT or Sdy groups resulted in
slight, but not significant, reduction in total number of microglia in the postnatal SVZ

(fig. 5.2A).
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Figure 5.2 Abnormal microglia population numbers in the postnatal SVZ
of Sdy mice

(A) Mean number of Ibal+ microglia cells in the dorsal SVZ at P12. Mean +
SEM. Data were analyzed using two-way ANOVA. N=4-6 per group.
***%p<0.001.

(B-C’) Representative images of Ibal+ microglia in the dorsal SVZ (dotted
lines) in WT saline (B-B”) and Sdy polyl:C (C-C’) groups. Scale bar 100um.
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5.2.2 Microglia were activated in the normal developing SVZ

In the postnatal SVZ, the number of Ibal+ cells that co-expressed the activation
marker CD68 were quantified in order to determine the effect of polyl:C injections
and/or dysbindin-1 mutation on microglial activation. As shown in figure 5.3A, the
number of Ibal+/CD68+ cells seemed slightly reduced in WT polyl:C group. Overall,
there was a significant main effect of polyl:C injections in the number of
Ibal+/CD68+ cells (two-way ANOVA; F(1,8)=6.84; P<0.05; N=3 per group;
fig.5.3A), however Tukey’s multiple comparisons test did not reveal a specific
difference among the four groups. Hence, a priori power analysis was performed in
GPower Software using the effect size of (f=0.908) from my data, an alpha of 0.05
and a power of 0.80. Based on these parameters, a total of 13 mice are needed in order
to reach >80% chance for detecting differences between groups in the number of

Ibal+/CD68+ SVZ cells.

Interestingly, a distinct phenotype was observed when analyzing the
proportion of microglia per group that were either activated and non-activated. In the
healthy brain at P12, more than 70% of resident microglia Ibal+ expressed the
activation marker CD68 in the dorsal SVZ (fig. 5.3B). This was analyzed using
Student’s two-tailed t-test that showed 71.5% of the total Ibal+ microglia in WT
saline group co-expressed CD68 relative to 28.5% that were CD68 negative
(t(4)=16.40; P<0.0001; N=3; fig. 5.3B). However, only 46% of microglia were
activated Ibal+/CD68+ in Sdy saline group compared to 54% that were Ibal+/CD68-
cells. A similar trend was also found in both WT and Sdy pups following polyl:C
treatment (fig.5.3B). By comparing the percentage of activated microglia among all

groups, I found a significantly higher percent of activated microglia (Ibal+/CD68+)
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in WT saline group than the other three groups as determined using two-way ANOVA
followed by Tukey’s multiple comparisons test (P<0.05; N=3 per group; fig.5.3B).
Representative images for the co-localisation of Ibal+/CD68+ are shown in figure 5.3
for WT saline group (C-C”) versus Sdy polyl:C group (D-D”). Conversely, the
proportion of inactive microglia Ibal+/CD68- is significantly less in the WT saline in
comparison to the remaining groups (two-way ANOVA followed by Tukey’s multiple

comparisons test; P<0.05; N=3 per group; fig.5.3A).
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Figure 5.3 Intrinsic microglia activation in the normal developing SVZ
(A) Mean number of Ibal+/CD68+ cells in the dorsal SVZ at P12. N=3 per group.

(B) Percent of microglia Ibal+ cells that are either in active CD68+ or resting
CD68- state in the dorsal SVZ at P12. Mean + SEM. Data were analyzed using
Student’s two-tailed t-test or two-way ANOVA with Tukey’s post-hoc test as
appropriate. N=3 per group. *P<0.05; ****P<(0.0001.

(C-D’) Representative images of co-localized Ibal+/CD68+ cells (arrows) in the
dorsal SVZ (dotted lines) in WT saline (C-C’) and Sdy polyl:C (D-D’) groups.
Scale bar 50pm.

(C”-D”) Orthogonal views of Ibal+/CD68+ cells in WT saline (C”) and Sdy
polyl:C (D) groups magnified from the yellow-boxed areas in C’ and D’,
respectively. Scale bar Spm.
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5.2.3 High leukocyte infiltration into the SVZ of GXE model

The infiltrating leukocytes that were quantified in this study showed amoeboid
morphology and expressed very high CD45 expression with total absence of Ibal
staining. Intraperitoneal injections of polyl:C resulted in significant immigration of
CD45+/Ibal- circulating leukocytes into the dorsal SVZ of Sdy pups. By using two-
way ANOVA there was a significant increase in CD45+/Ibal- cells in the Sdy
polyl:C group (mean=5; N=4) in comparison to WT saline group (mean=1; N=6) as
identified wusing Tukey’s multiple comparison test (P<0.001; fig. 5.4A).
Representative images of CD45+/Ibal- cells are shown in the Sdy polyl:C group
(fig.5.4C-C’) but not in WT saline group (fig.5.4B-B’). However, polyl:C injections
to WT pups (mean=2.33; N=6) resulted in slight but non-significant infiltration of

leukocytes into SVZ compared to WT saline group (mean=1; N=6).
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Figure 5.4 Increased leukocyte infiltration into the postnatal SVZ of Sdy mice post
inflammation

(A) Total number of infiltrating leukocytes that are CD45+ but Ibal- cells in the dorsal
SVZ at P12. Mean = SEM. Data were analyzed using two-way ANOVA N=4-6 per group.
*P<0.05.

(B-C’) Orthogonal view images showing CD45+ but Ibal- cells in the dorsal SVZ of Sdy
polyl:C group (C-C’) but not in WT saline group (B-B’). Scale bar 25um.
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5.2.4 SVZ-derived neurospheres were capable of releasing cytokines and were

modulated by dysbindin-1 mutation under baseline and inflammatory conditions

In order to determine the effect of GXE factors on cytokine release, SVZ neurospheres
from P5 WT and Sdy pups were incubated with saline or polyl:C for 24 hours and
supernatants were collected and analyzed. As illustrated in figure 5.5(A-D), I show
novel preliminary data that SVZ neurospheres released cytokines under normal
conditions in WT saline group. The baseline level of CXCL10, TIMP-1 and CCL2
secretion was roughly ten times more strongly expressed than the level of CXCL1, M-
CSF, CCLS5 and CXCLI12 secretion from WT saline neurospheres (fig.5.5C-D).
Furthermore, WT neurospheres responded to polyl:C induced inflammation by
enhancing the release of CXCL10, CCL2, CXCLI1 and CCLS5 chemokines (fig.5.5C-
D). Although CXCL10 and CCLS5 secretions were induced in WT and Sdy
neurospheres during inflammation, CCL2 release was only induced in WT polyl:C
neurospheres whereas CXCL1 secretion was more strongly induced in Sdy polyl:C
than WT polyl:C neurospheres (fig.5.5C-D). This could indicate that dysbindin-1
mutation in Sdy neurospheres may cause differential response to inflammation in
comparison to WT polyl:C neurospheres. Compared to WT saline neurospheres, the
release of CXCL10 and CCL2 were reduced in Sdy saline neurospheres and also
TIMP-1, M-CSF and CXCL12 were all reduced in Sdy neurospheres (with or without
polyl:C) indicating a role of dysbindin-1 in regulating cytokine release in both

baseline and inflammatory conditions (fig. 5.5C-D).
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Figure 5.5 Differential cytokine release from WT and Sdy neurospheres
following incubation in saline or polyl:C

(A-B) Representative images of detected cytokines in proteome arrays that were
incubated separately with supernatants from cultured WT or Sdy neurospheres
that were incubated with saline or polyl:C for 24 hours. Each detected cytokine in
duplicate is numbered, and the numbers (1-7) corresponds to cytokines in (B).
White boxes are positive control spots.

(C-D) Pixel intensity of each detected cytokine was quantified and represented as
mean + SEM from duplicate. Signal intensity is proportional to the amount of
cytokines present in the sample. Data are representative of one experiment.
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5.3 Discussion

I have shown here increased microglial density in the postnatal SVZ of the
schizophrenia-related Sdy model. Also, I found that the majority of Ibal+ microglia
co-expressed CD68 activation marker in the normal developing SVZ. Combining Sdy
model with polyl:C-induced inflammation resulted in significant infiltration of
leukocytes into the postnatal SVZ. Furthermore, abnormal cytokine secretion was

detected in Sdy neurospheres with or without inflammation.

5.3.1 Increased microglial density in Sandy mice

Loss of dysbindin-1 in Sdy model of schizophrenia resulted in increased number of
microglia in the dorsal SVZ. These results are interestingly similar to another study
that showed increase in microglial density in postmortem schizophrenic brains

(Radewicz et al., 2000).

Given the germinal mutation of dysbindin-1 in Sdy model, it suggests two
possible hypotheses for the postnatal increase in microglial number: embryonic origin
and/or postnatal origin. Dysbindin-1 was shown to be strongly expressed during late
embryonic development (E14/E18) (Ghiani et al., 2010), which coincided with
massive proliferative potential of microglia at E16 (Alliot et al., 1999). This may
suggest a role of dysbindin-1 in regulating embryonic microglial pool, in which
dysbindin-1 loss resulted in over-expansion of prenatal microglial population that

continued at least to P12.
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On the other hand, dysbindin-1 showed a higher expression during the first
postnatal week than in young adulthood at P21 or P45 (Ghiani et al., 2010).
Interestingly, the first postnatal week also corresponded to a high microglial
proliferation (PCNA+) at P1 and P9 especially in the SVZ (Alliot et al., 1999).
Similarly, microglia showed a significantly higher (~40%) proliferative capacity in
microglial cell culture derived from mice during their first postnatal week than at P11
to P14 (Alliot et al., 1999). Interestingly, these might explain the massive increase
(~50%) in microglial population (Ibal+) in the SVZ at P10 compared to P1 and P4
(Shigemoto-Mogami et al., 2014), which might be due to continual accumulation of
microglial cells in the SVZ due to intense microglial proliferation during the first
postnatal week. However, it should be noted that another study reported no microglial
proliferation in the postnatal murine SVZ (P1 and P7) following a single pulse of
BrdU (only very few cells were co-labeled) (Xavier et al., 2015). Also I found no
proliferative microglia at P12 in the dorsal SVZ of all four groups (i.e. PHi3/Ibal
double-labeling; data not shown). This discrepancy might be due to the use of
different markers. PCNA labels proliferative cells during all phases of the cell cycle,
except GO (Kurki et al., 1986). However, BrdU and PHi3 only label cells during S-
phase and M-phase, respectively. Therefore PCNA marker might “catch” more
proliferative microglia than using BrdU and PHi3 antibodies. Taken together,
dysbindin-1 might be involved in regulating microglial proliferation during the first
postnatal week and that dysbindin-1 dysregulation (as in our Sdy model) resulted in

abnormally increased microglial density at P12.
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5.3.2 Microglia were more activated in normal than immune challenged

postnatal SVZ

In postnatal SVZ, I found that the majority of microglia (>70%) were activated under
normal conditions. This may suggest the importance of activated microglia in immune
surveillance and clearance of cellular debris in order to maintain normal brain

development during early postnatal age (Paolicelli et al., 2011).

Contrary to my expectation, systemic inflammation did not cause further
activation of WT microglia but rather caused a reduction by 22% in comparison to
WT control. Previous studies showed that systemic challenge with LPS induced
microglial activation (CD68+) in the adult hippocampus (Sierra et al., 2010, Monje et
al., 2003). Also, intracerebroventricular administration of polyl:C was shown to
activate microglia in the cerebral cortex of adult mice (Town et al., 2006). However,
no studies have looked at postnatal SVZ microglia in response to peripheral
inflammation, which is especially interesting since SVZ microglia were differentially
activated in comparison to other brain regions (Goings et al., 2006, Shigemoto-
Mogami et al., 2014). Taken together, the postnatal SVZ may respond differently to
inflammatory challenges, and caution should be taken when comparing data with

variable age, route of administration or even brain region of study.

In the postnatal Sdy mice (regardless of treatment), about 50% of total
microglia in the dorsal SVZ were co-labelled with CD68 activation marker. Here, the
interpretation of data is complex since CD68 is a lysosome-associated marker, and
Sdy mice are phenotypically associated with lysosomal dysfunction (Li et al., 2003,

Swank et al., 1991). Therefore, other activation markers that are not expressed in
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lysosomes should be considered in the future when studying microglial activation in

Sdy model.

5.3.3 Systemic inflammation induced leukocyte recruitment into the postnatal

SVZ of Sdy but not WT mice

Following polyl:C-induced inflammation, there was no increase in leukocyte
infiltration into the SVZ of postnatal WT mice. This might be due to the intact brain
barrier during early development. A previous study reported that prolonged systemic
inflammation during postnatal age resulted in increased brain permeability in adult
but not in postnatal age (Stolp et al., 2005). This was also true in a stroke model in
which there was increased brain permeability in adult but not in early postnatal rats
(Fernandez-Lopez et al., 2012). Interestingly, the same study reported low neutrophil
infiltration into the postnatal brains (Fernandez-Lopez et al., 2012) consistent with my

data of limited leukocyte infiltration into the SVZ of WT polyIC group.

On the other hand, inflammation in Sdy mice increased leukocyte permeability
into the postnatal SVZ. Since TIr3 is expressed in the choroid plexus (Stridh et al.,
2013), it may suggest that Tlr3 might be involved in the choroid plexus barrier
function. In the SVZ, I found inhibited Tlr3 response to polyl:C in Sdy mice (Chapter
4), however is still to be determined if TIr3 inflammatory response might also be
disrupted in the choroid plexus. This might explain the increased infiltration of
peripheral immune cells into the SVZ of Sdy but not WT after inflammation. Also,
chemokines are involved in promoting leukocyte entry into the brain (reviewed in

(Williams et al., 2014)). Here, I found strong upregulation of CXCL1 release from
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NPCs in Sdy polyl:C group, suggesting a role of CXCL1 chemokine in attracting

leukocytes into the brain although this needs to be tested in vivo.

Interestingly, increased leukocyte recruitment into the SVZ of Sdy polyIC
group was also associated with reduced locomotion in adulthood (Chapter 3). This is
in agreement with previous studies showing that liver inflammation in adulthood
resulted in increased monocyte recruitment into the brain (D'Mello et al., 2009,
Kerfoot et al., 2006), which was also associated with sickness behavior (i.e. decreased
locomotor activity). Remarkably, this sickness behavior was improved (i.e. increased
social interaction and reduced immobility) by inhibiting monocyte recruitment into
the brain during inflammation (D'Mello et al., 2009). Taken together, combining
dysbindin-1 loss with systemic polyl:C-induced inflammation resulted in abnormal
leukocyte permeability into the postnatal brain, and this may explain the reduced

locomotion reported in adulthood.

5.3.4 Dysbindin-1 mediated cytokine secretion from SVZ NPCs during normal

and inflammatory conditions

I have demonstrated that NPCs in SVZ-derived neurospheres from P5 mouse pups
were capable of secreting cytokines. Interestingly, this is consistent with a previous
report that showed cytokine secretion from cortical NPCs, which were isolated from
PO mouse pups (Mosher et al., 2012). Furthermore, I showed that SVZ NPCs were
also responsive to inflammatory stimuli through regulation of cytokine release. The
proteome array used in this study showed that the majority of secreted cytokines from

NPCs were specifically chemokines (i.e. CXCL10, CCL2, CXCL1, CCL5 and
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CXCL12) and only one cytokine (M-CSF) and another protein (TIMP-1) were
detected. Loss of dysbindin-1 in Sdy neurospheres disrupted cytokine secretion under

both normal and inflammatory conditions.

Chemokines can be classified according to function into two groups:
homeostatic and inflammatory chemokines. Homeostatic chemokines are
constitutively produced whereas inflammatory chemokines are only upregulated in
response to inflammatory stimuli (reviewed in (Borish and Steinke, 2003, Cartier et
al., 2005)). Here, I found that the level of chemokine secretion was generally reduced
in Sdy saline neurospheres in comparison to baseline level in WT saline neurospheres.
This may suggest a novel role of dysbindin-1 in regulating chemokine secretion from
NPCs under normal conditions especially since dysbindin-1 is involved in

intracellular vesicle trafficking (Li et al., 2003) and exocytosis (Chen et al., 2008).

Following polyl:C-induced inflammation in WT neurospheres, I found that the
release of CXCL10, CCL2, CXCL1 and CCL5 chemokines were all upregulated
whereas CXCL12 remained unchanged. Interestingly, CXCL10, CCL2, CXCL1 and
CCLS5 are already described as inflammatory chemokines whereas CXCL12 mainly
acts as a homeostatic chemokine (reviewed in (Borish and Steinke, 2003, Cartier et
al., 2005)). In Sdy neurospheres, CCL2 was not upregulated in response to polyl:C
whereas CXCL1 was far more upregulated than in WT polyl:C neurospheres. Taken
together, the response of homeostatic and inflammatory chemokines in NPCs of WT
polyl:C group was consistent with their physiological features, however loss of

dysbindin-1 caused abnormal chemokine secretion during inflammation.
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On the other hand, M-CSF and TIMP-1 were also secreted from SVZ
neurospheres. M-CSF regulates NPCs survival and proliferation (reviewed (Chitu et
al., 2016)) whereas TIMP-1 is involved in repair mechanisms, cell survival and
inflammatory responses through inhibition of matrix metalloproteinases (MMP)
(Gardner and Ghorpade, 2003). Here, I found that the level of M-CSF and TIMP-1
secretion in WT neurospheres was unaltered in response to polyl:C, however the level
of M-CSF and TIMP-1 release was reduced in Sdy neurospheres under normal and
inflammatory conditions. Taken together, polyl:C did not induce M-CSF and TIMP-1
secretion from WT NPCs whereas dysbindin-1 loss in NPCs resulted in inhibited M-

CSF secretion together with imbalance of TIMP-1/MMP regulation.



144

5.4 Conclusions

Microglial dysfunction has been reported in schizophrenic patients although little is
known about its possible causes. I have shown here abnormal microglial density in
the SVZ of postnatal Sdy mice suggesting a developmental origin of microglial
dysregulation in schizophrenia. In addition, my postnatal GXE model of schizophrenia
showed enhanced leukocyte infiltration into the SVZ. Since SVZ NPCs from WTs
differentially released cytokines in response to inflammation, this may suggest a role
of NPCs in regulating SVZ immune function. Interestingly, I found abnormal
cytokine release from dysbindin-1 mutant NPCs under both baseline and
inflammatory conditions. Therefore, it would be interesting in the future to determine
how altered cytokine secretion from NPCs of GxE model might directly regulate
microglial function and leukocyte permeability into the SVZ. On the other hand, I
have reported massive microglial activation in the normal developing SVZ although
the phenotypic identity of these microglia is not clear. This can be addressed using
MI (i.e. cytotoxic) and M2 (i.e. neuroprotective) activation markers, which may also
determine whether dysbindin-1 loss and inflammation might push microglia towards a

specific polarity during postnatal development
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6.1 Overall view

In schizophrenia, several genetic and environmental (GXE) risk factors are well
characterized. In addition, decreased adult hippocampal neurogenesis was reported in
schizophrenic patients (Reif et al., 2006). Abnormal subventricular zone (SVZ)
neurogenesis may also contribute to schizophrenia since newborn neurons in the adult
humans are thought to migrate to the striatum (Ernst et al., 2014), a region that is
possibly involved in cognitive deficits in schizophrenia (Simpson et al., 2010).
However, it is still unclear whether genetic and environmental factors of
schizophrenia may directly interact and regulate adult neurogenesis. In my thesis, |
have shown that polyl:C-induced inflammation in postnatal dysbindin-1 mutant mice
(GxE model) resulted in reduced adult SVZ proliferation and neuroblast populations
in the rostral migratory stream (RMS). In the GXE model, behavioural abnormalities
relevant to schizophrenia were also found adulthood. Since genetic and environmental
factors alone did not alter adult SVZ proliferation or RMS neuroblast populations, this
suggested that a functional interaction between the two factors may amplify the
observed phenotypes. Mutations in other risk genes (Nrgl type I and Snap25) did not
cause a significant effect on adult SVZ proliferation or RMS neuroblast populations.
However, it is still to be determined whether combining these mutations with neonatal

inflammation may impact adult SVZ proliferation and RMS neuroblast populations.
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Given the abnormal adult SVZ proliferation in the GxXxE model, SVZ
proliferation was analyzed at postnatal day 12 (P12) in order to determine if this
abnormality may originate during early development. Similar to adulthood, I found
reduced SVZ proliferation in the postnatal GxXxE model, suggesting a
neurodevelopmental origin of the reduced SVZ proliferation in adulthood. In
postnatal brains, radial glial cells are neural stem cells (NSCs) which gradually
decrease and transform into adult NSCs during the first two postnatal weeks
(Tramontin et al., 2003). Therefore, it remains to be determined whether repeated
postnatal polyl:C injections in combination with dysbindin-1 mutation might deplete

the adult NSC pool, resulting in the observed reduction in adult SVZ proliferation.

Since SVZ proliferation was reduced in dysbindin-1 mutant, but not WT, mice
given polyl:C this suggested that dysbindin-1 was required for maintaining SVZ
proliferation. This hypothesis was addressed by analysing expression of Tlr3, RelA
and Spl genes that are involved in both the innate immune response to polyl:C and
also play important functions in regulating cell proliferation. Although the expression
of these genes was induced in WT mice and neurospheres in response to polyl:C, this
effect was inhibited in dysbindin-1 mutant mice and neurospheres. Therefore, these in
vivo and in vitro data indicated that loss of dysbindin-1 may cause defects in normal
immune response to inflammatory challenge, resulting in reduced postnatal SVZ
proliferation that continued to adulthood. However, future studies are still to confirm

if dysbindin-1 (Dtnbp1) gene may rescue SVZ proliferation in the GXE model.
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Importantly, dysbindin-1 expression was also induced in WT mice and
neurospheres in response to polyl:C, providing further evidence for the role of
dysbindin-1 in innate immune response. Although dysbindin-1 (Dtnbpl) gene was not
identified within 108 genetic loci that were significantly associated with
schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics, 2014), the
work presented here may still provide insights into the immune signalling pathways
that might be common outcomes of various risk genes of schizophrenia. This is
especially true since genome-wide association studies supported a strong link between
immune function and schizophrenia (Network and Pathway Analysis Subgroup of
Psychiatric Genomics, 2015, Schizophrenia Working Group of the Psychiatric

Genomics, 2014).

In order to gain a bigger picture of what caused the proliferative deficits in the
GxE model, microglia were characterized during postnatal development. Microglia
are local brain immune cells and therefore were expected to rapidly respond to
repeated inflammatory challenges with polyl:C. In addition, leukocytes infiltrating
into the SVZ were considered since polyl:C was peripherally administered.
Dysbindin-1 mutation caused an abnormally high number of SVZ microglia whereas
an increased number of leukocytes was found in the SVZ following postnatal polyl:C
injections in Sdy mice. Together, these further emphasise the importance of
dysbindin-1 in regulating immune function. A previous study reported that stimulated
microglia may release cytokines that affected neurogenesis (Monje et al., 2003). This
brings the question of whether inflammation and/or dysbindin-1 mutation may
differentially affect cytokines release from microglia and/or infiltrating leukocytes

and the impact of this on SVZ proliferation.
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Although microglial activation was evaluated in this study using the
lysosomal-related CD68 marker, this marker may not be appropriate for use in our
GxE model since loss of dysbindin-1 in Sdy mice is associated with lysosomal
dysfunction as discussed in Chapter 5. Therefore, M1 (neurotoxic) and M2
(neuroprotective) markers may clarify whether dysbindin-1 mutation and/or postnatal
inflammation differentially affect the phenotype of the activated microglia, and the
correlation of this with SVZ proliferation. Since increased number of leukocytes were
found in the postnatal SVZ of the GXE model, it would be interesting to determine
whether leukocytes permeability into the SVZ also persisted or worsened in

adulthood.

In addition to the potential regulation of SVZ proliferation through immune-
related genes and microglia/leukocytes, cytokines are also involved in regulating
proliferation and neuroblast migration (reviewed in (Williams et al., 2014)).
Therefore, I have investigated cytokine release from SVZ-derived neural progenitor
cells (NPCs) in order to determine the impact of GXE factors on cytokine secretion
and the correlation of this with reduced SVZ proliferation and RMS neuroblast
populations in the GXE model. Furthermore, investigating cytokine secretion from
NPCs may also clarify whether NPCs themselves communicate with each other and
with other SVZ cells, such as microglia, through cytokine signalling. Interestingly,
SVZ-derived NPCs differentially released cytokines in dysbindin-1 mutant cells and
also in the GXE model. Hence, NPCs may participate through cytokine secretion in
regulating SVZ proliferation, migratory neuroblasts and microglia in addition to

leukocytes permeability into the SVZ.
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Taken together, the GXE model used in my thesis revealed abnormalities in the
SVZ proliferation, microglial density and infiltrating leukocyte numbers in addition to
the disrupted neuroblast populations in the RMS. These abnormal phenotypes in the
GxE model might be due to the disrupted intracellular Tlr3-RelA-Spl signalling and
abnormal extracellular cytokine secretion. Therefore, my work showed novel
functions of the schizophrenia-related dysbindin-1 in regulating intracellular immune
signalling and extracellular cytokine secretion, which together might modulate SVZ

homeostasis under baseline and inflammatory conditions.
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6.2 Limitations

I have listed in table 6.1 the limitations of my work described in Chapters 3, 4 and 5.

Table 6.1 Limitations of the current study

1)
2)
3)

Chapter 3

Used one marker (PHi3) to assess SVZ proliferation

Not determined which cell types specifically showed reduced proliferation

Did not give multiple BrdU injections to assess SVZ proliferation and
neuroblast migration to the RMS

Did not quantitatively determine if postnatal inflammation continued to
adulthood

Chapter 4

1)
2)

Used one marker (PHi3) to assess SVZ proliferation

For in vivo RT-qPCR experiments, RNA integrity number (RIN) of the
extracted RNA was assessed during initial experiments. RIN was in the range
(7.2 to 8.3) of all the measured six separate samples indicating good quality to
be used for qRT-PCR. However, it was not possible to assess RIN in
subsequent experiments due to limited samples. Given that exact experimental
protocol was followed in all subsequent experiments, it can be assumed that
they may have similar quality.

Two commonly used reference genes (B-actin and Rnl8s) were used as
reference genes in my current study. However, stability of these genes in my
particular tissue and experimental setup was not tested. Since TIr3
immunohistochemistry confirmed my qRT-PCR, it is likely that these two
genes might be suitable for my particular experiments.

Nucleofection efficiency was not determined since Dtnbpl ¢cDNA clone was
not tagged with a fluorescent protein. However, Dtnbpl gene was only
expressed in Dtnbpl nucleofected samples (positive control) and was absent in
all mock nucleofected mutant cells (negative control), indicating that
nucleofection was working.

Chapter 5

1)
2)
3)
4)
5)

Used one marker (Ibal) for microglia

Morphology of microglia was not assessed

Used one marker CD68 with Ibal as indicative of microglial activation
Not included M1 and M2 phenotypic markers for microglia

Did not confirm the cell-types in the neurosphere culture
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In addition to the limitations listed in table 6.1, I find that the use of Sdy mice
might also have some limitations. In Sdy brain, both dysbindin-1A and -1C were
reported to be absent (reviewed in (Talbot, 2009)). However, I propose that
dysbindin-1A, but not dysbindin-1C, is absent in Sdy brain. I propose this for the
following reasons. First, dysbindin-1C was shown not to be a subunit of BLOC-1
complex in mouse brain (Wang et al., 2014), therefore absence of intact CCD may not
affect the stability of dysbindin-1C in the brain. Given that dysbindin-1A is a stable
component of BLOC-1 complex (Wang et al., 2014), phenotypic abnormalities in Sdy
mice might be attributed to loss of dysbindin-1A but not dysbindin-1C. Second,
dysbindin-1A and -1C are only detected in the CNS (i.e. brain and spinal cord) (Wang
et al., 2014), and the earlier report for complete absence of dysbindin-1 in Sdy mice
was based on non-CNS tissues (i.e. kidney) in which dysbindin-1A, but not
dysbindin-1C, is expressed (Li et al., 2003). Third, dysbindin-1A is absent in the brain
of mice deficient in muted or pallidin (both BLOC-1 subunits) but dysbindin-1C is
unaltered, providing some indication that dysbindin-1C might also remain stable in
Sdy brain. Future studies are still needed to determine if dysbindin-1A, but not
dysbindin-1C, is absent in Sdy brain. This will clarify whether the abnormal

phenotypes in Sdy brain were specifically due to the loss of dysbindin-1A isoform.
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6.3 Future directions

To follow up from current work, I suggest looking at how dysbindin-1 mutation may
affect neuron-microglia interaction in the OB. Emerging evidences suggest a crucial
role of neuron-microglia communication in maintaining proper synaptic connections,
and that deficit in this key interaction may lead to excessive or reduced synaptic
pruning by microglia resulting in disrupted synaptic transmission (Paolicelli et al.,
2011, Sekar et al., 2016, Zhan et al., 2014). However, it is not clear whether
neurotransmitters may instruct synaptic pruning activity by microglia. Therefore, I
propose looking at how deficit in neurotransmitter release as previously reported in

Sdy mice may directly impact synaptic pruning by microglia in the OB.

In schizophrenia, abnormal dopaminergic signalling is consistently reported.
Dysbindin-1 was shown to play critical functions in controlling synaptic homeostasis
in a dose-dependent manner (Dickman and Davis, 2009). Loss of dysbindin-1 in Sdy
mice results in neurosecretion defects such as reduced rate of vesicle release (30%
reduction) as well as decreased readily releasable vesicle pool (Chen et al., 2008).
Specifically, dopamine levels are reduced in Sdy mice under baseline conditions
(Murotani et al., 2007). Also, the releasable pool of dopamine is reduced in Sdy mice
(Nagai et al., 2010). Therefore, Sdy mice can be used as a model of dopamine release

deficit.
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On the other hand, increased dopamine 2 receptor (D2R) density is also
reported in the brain of schizophrenia patients and all anti-psychotic drugs block D2R
(reviewed in (Howes and Kapur, 2009, Miyamoto et al., 2005)). Increased
accumulation of D2R in cell surface was reported in the brain of Sdy mice as well as
following dysbindin-1 knockdown (lizuka et al., 2007, Ji et al., 2009), however
dysbindin-1 overexpression reduced cell surface expression of D2R (Schmieg et al.,
2015). Together, these indicate a role of dysbindin-1 in regulating D2R expression.
Interestingly, functional D2R is expressed in rodent and human microglia (Farber et
al., 2005, Huck et al., 2015, Mastroeni et al., 2009). For example, chronic stimulation
with dopamine was shown to modulate microglial release and induced microglial
migration (Farber et al., 2005). Taken together, Sdy mice might also show increased

D2R expression in microglia.

Synaptic dysconnection and reduced dendritic spine density are reported in the
brains of schizophrenic patients, which might be attributed to abnormal synaptic
pruning (reviewed in (Stephan et al., 2006, Glausier and Lewis, 2013)). A study
reported that dysbindin-1 was enriched in dendritic spines and formed a stable
complex with WAVE2 and Abi-1 that are involved in dendritic spine morphogenesis,
and knockdown of dysbindin-1 led to the formation of immature dendritic spines (Ito
et al., 2010). Another study demonstrated that the dendritic spine abnormality in Sdy
mice might be due to over-activation of D2R, and that pharmacological blocking of
D2R rescued dendritic spine formation in Sdy mice (Jia et al., 2013). However, it is
still to be determined if abnormal D2R due to dysbindin-1 mutation may directly

trigger synaptic pruning by microglia resulting in dendritic spine deficits.
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Here, I propose the following questions:

1) Does reduced SVZ proliferation in the GXE model result in reduced number of
differentiated dopaminergic neurons in the OB?

2) Does reduced dopamine release as in Sdy mice “induce” D2R generation and
recruitment to cell surface of microglia?

3) Does dopamine release from dopaminergic neurons in the OB act as “inhibitory”

signal on microglia via D2R, and therefore control synaptic pruning?

I hypothesize that dopamine may directly control synaptic pruning activity of
microglia via D2R. As illustrated in figure 6.1, dopamine release is normal in WT
mice and might act as inhibitory signal on microglia via D2R. However, reduced
dopamine release in Sdy may cause dis-inhibited effect on D2R resulting in
stimulated microglia (fig. 6.1). This stimulatory effect might be further amplified due
to increased microglial density in Sdy mice (fig.6.1). Therefore, over-stimulated D2R
in microglia may lead to excessive synaptic pruning of dendritic spines in Sdy mice as

shown in figure 6.2.
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Figure 6.1 Proposed regulation of microglia through dopamine and

dopamine 2 receptor (D2R)

Dopamine is normally released from WT dopaminergic neurons and may have
inhibitory effect on microglial activity via D2R. However, reduced dopamine
release and increased D2R in Sdy mice may stimulate microglia. Microglial cell

numbers were increased in Sdy mice as I showed in Chapter 5.
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Figure 6.2 Excessive synaptic pruning by microglia due to D2R over-expression in
Sdy mice

Following on from my proposed hypothesis in figure 6.1, increased synaptic pruning in
Sdy mice may lead to the loss of contact between dendritic spines (Red boxed area).
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Taken together, many schizophrenia-related genes, including dysbindin-1,
encode synaptic proteins that are essential for normal neurotransmission; however
how neurons and microglia directly interact through synaptic signalling is still
unclear. Here, I proposed some questions to understand how neurotransmission
abnormality due to dysbindin-1 mutation may directly influence microglial function
via D2R and the impact of this in neuronal connectivity and spine formation. These
can be addressed in the olfactory bulb in which continuous adult neurogenesis takes
place. In addition, the impact of gene x environment risk factors of schizophrenia in
the neuron-microglia communication can also be investigated. The long-term benefits
of these questions might be to understand how antipsychotic drugs work. In general,
anti-psychotic drugs block D2R in all cell-types, however targeting D2R specifically
in microglia might prove more efficient while maintaining normal neuron-neuron

transmission.
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Appendix

Recipes for solutions

1. TAE buffer 1X
2.0.IM PBS 1X
3.0.IM PB 1X
4.4% PFA

5. Cryoprotectant

6. 30% sucrose

TAE buffer 50X (stock solution)

177

Tris-base

Glacial acetic acid

EDTA 0.5M

For 250mL 0.5M EDTA pH 8

46.5g EDTA and 5.5g NaOH pellet in fill to
250mL

distilled water

242 ¢
57.1 mL

100 mL

Up to 1000 ml

Working solution TAE buffer 1X



1M PBS 10X (stock solution)

178

Sodium chloride NaCl 80 ¢g
Potassium chloride KCl 2g

Potassium dihydrogen phosphate KH,PO4 24¢

Sodium phosphate dibasic anhydrous Na,HPO4 144 ¢
Distilled water dH,O Up to 1000 mL
Working solution 0.1M PBS 1X at pH 7.4

0.1IM PB 1X

Sodium phosphate monobasic NaH,POq4 3.864 ¢
Sodium phosphate dibasic anhydrous Na,HPO4 1022 g
Distilled water dH,O Up to 1000 mL
Adjust pH to 7.2

4% PFA

Paraformaldehyde (PFA) 20g

0.1M PBS (pH 7.4)

Up to 1000 ml

Heat to 70°C in fume hood on a magnetic stirrer and filter when PFA dissolved

and store at 4°C



179

Cryoprotectant
Sucrose 300 g
Ethylene glycol 300 mL

0.IM PB (pH 7.2)

Up to 1000 ml

Store at 4°C

30% sucrose

Sucrose

0.IM PB (pH 7.2)

30g

Up to 100 ml

Store at 4°C



