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‘As the creeper that girdles the tree-trunk,
the Law runneth forward and back;
For the strength of the Pack is the Wolf,

and the strength of the Wolf is the Pack.’
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D-amino acid oxidase (DAO) is a flavin-dependent enzyme that is expressed in the
mammalian brain. It is the metabolising enzyme of several D-amino acids, including
D-serine, which is an endogenous agonist at the glycine co-agonist site of the
glutamatergic NMDA receptor. As such, regulation of D-serine levels in the brain by DAO
may indirectly modulate the activity of NMDA receptors. The expression and activity of
DAO have been reported to be increased in schizophrenia. It has been identified as a

putative susceptibility gene for the disorder, and as a potential therapeutic target.

This thesis explored three aspects of the interface between DAO and the DA system.
First, the expression of DA was investigated in the ventral tegmental area (VTA), the
source of the dopaminergic mesocortical pathway. Traditionally, DAO was considered to
be an enzyme confined to the hindbrain and to glia, but more recent studies have
reported its expression in additional brain regions, and also in neurons. DAO mRNA and
protein was found to be expressed in the VTA, and was present in both neurons and glia

in this region, whereas in the cerebellum, DAO expression appeared solely glial.

DA output from the VTA is regulated by NMDA receptors, and hence expression of DAO
in the VTA suggests that it may serve a role in modulating cortical DA via regulation of
D-serine levels and NMDA receptor function. The second part of this thesis investigated
the effects of DAO inhibition and D-serine administration on DA levels in the prefrontal
cortex (PFC) using in vivo microdialysis. Systemic DAO inhibition and D-serine
administration resulted in increases in extracellular levels of DA metabolites in the PFC,
despite no detectable change in DA. Similarly, DA metabolites in the PFC increased after
local application of D-serine to the VTA, but no change was detected in DA. However,
local DAO inhibition in the VTA resulted in increased levels of both DA and its
metabolites, and DAO inhibition combined with D-serine administration also produced

increases in DA. This suggested that DAO and its regulation of D-serine levels may serve
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to indirectly modulate mesocortical DA function, and this may be mediated via the VTA.
This notion was supported in the final section of this thesis, in which the expression of
three DA genes was measured in the PFC of a novel line of DAO knockout mice. In this
pilot study, there was evidence for an increase in Comt and Drd2 mRNAs in the knockout
mice. As such, constitutive abolition of DAO activity may also alter mesocortical DA

function.

These studies provide new insights into the presence and role of DAO beyond the
hindbrain, and point to a potentially important physiological function in modulating the
activity of the mesocortical DA system via the VTA. This could be therapeutically relevant
in the context of elevating cortical DA in the treatment of schizophrenia, and may provide

supporting evidence for the clinical use of DAQO inhibitors.
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Chapter 1: Introduction

D-amino acid oxidase (DAO, DAAOQ) is a flavin-dependent oxidase first described in the
pig kidney in 1935 that catalyses the oxidation of D-amino acids (Krebs, 1935). The D-
amino acids are first oxidised to the corresponding imino acids by DAO, and these are
then non-enzymatically hydrolysed to form the corresponding a-keto acid. Hydrogen
peroxide (H»0,) is also generated as part of the first stage of the reaction, and ammonia

(NHgz) produced in the final step (Figure 1).

D-amino DAO i
acid /\_' Ig?do /\: Kztlc? Qiid
FAD FAD
oxidized reduced H,O NH;
N

Figure 1. The oxidation of D-amino acids by DAO. FAD: flavin adenine dinucleotide,
the prosthetic group of DAO. Figure adapted from Verrall et al., 2010.

DAO is stereospecific for D-amino acids (Krebs, 1935), and preferentially acts on those
that are neutral or basic, such as D-alanine, D-serine and D-proline, for which DAO
shows affinities (Km) of 1.3mM, 7.5mM and 8.5mM, respectively (Molla et al., 2006).
Despite traditionally being studied in the kidney and liver, DAO has long been established
to be present in the mammalian brain (see Neims et al., 1966). However, its function
therein remained unknown until D-amino acids were also found in brain tissue (e.g.
Dunlop et al., 1986; Hashimoto et al., 1992; Hashimoto and Oka, 1997; Fisher et al.,
1991; Table 1). In 1995, Schell and colleagues demonstrated that the concentration of
D-serine in the brain was reciprocally distributed with the expression of DAO (Schell et al.,
1995), suggesting that DAO may be a functional brain enzyme. D-alanine and D-proline
levels were shown to be considerably lower than D-serine levels in the brain (Table 1),
and as such D-serine was considered to be potentially the primary important DAO

substrate in the brain.
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D-amino acid Brain region Human Rat Mouse

D-serine Cerebral cortex 130 + 10 (pfc)? 350 + 10° 310 £ 10°
108 * 6 (pfc gm)* 359 + 74° 353 + 83
128 + 12 (pfc wm)* 210 + 8° 520 + 98°

66 + 41 (fc)" 3202 + 40' 387 + 78
157 + 49 (fc, m)* 423 + 21’
192 + 68 (fc, ) 332 + 17"
117 + 30 (po)" 420 + 25

Hippocampus 280 + 20° 227 + 19

208° 341 + 29'
231 + 9.7° 340 + 30"
1470 + 50" 228 + 20

Cerebellum ND? 20 £ 1° 33 + 21°
ND¢ ND®
32 + 20'
28 + 16°
97 + 29
12 + 2
75+ 0.2
15 + 1"
19 + 1'

D-alanine Cerebral cortex 9.5 + 2.9 (gm)" ND? ND*
12.3 + 10.2 (wm)" ~4' 35 + 0.8
12+ 2
12 + 2¢

Hippocampus ND? 11 + 3.5
10 + 3

Cerebellum ND%! ND®
1 + 2

22+ 1.1

D-proline Cerebral cortex 0.31 + 0.15"

Hippocampus 0.11 + 0.06"

Cerebellum 0.29 + 0.12"

Table 1. Concentrations of D-amino acids in the adult mammalian brain. Abbreviations: f, female; fc,
frontal cortex; gm, grey matter; m, male; ND, not detectable or trace levels; pc, parietal cortex; pfc, prefrontal
cortex; wm, white matter. Units are nmolg'1 tissue, converted where necessary from alternative units used in
the original publication. Some values are estimates from graphical data, and so are approximate. (*Hashimoto
et al., 1993c; "Hashimoto et al., 1993a; “Hashimoto et al., 1993b; OIKuma_shiro et al., 1995; °Nagata et al.,
1994a; 'Nagata et al., 1994b; °Hamase et al., 1997; "Nagata et al., 1995; 'Song et al., 2008; 'Nagata et al.,
1998; “Hamase et al., 2005; 'Morikawa et al., 2001; ™Wang and Zhu, 2003; "Bendikov et al., 2007; PLabrie et
al., 2009; Miyoshi et al., 2009; "Hashimoto et al., 2007; *Nagata et al., 1992; ‘Morikawa et al., 2003; “Fisher
et al., 1991; "Hamase et al., 2001).
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1.1 DAO: genetics

The human DAO gene comprises 11 known exons and is located at chromosome 12924
(see Verrall et al., 2010). Analysis of cDNA encoding human kidney DAO has revealed
that the human protein consists of 347 amino acids, and has a molecular mass of
approximately 39kDa (Momoi et al., 1988). Like human DAO, pig DAO also consists of
347 amino acid residues (Fukui et al., 1987), whereas mouse only has 345 (Tada et al.,
1990), and rat is intermediate, with 346 (Konno, 1998). Amino acid sequence homology is
high between human and pig DAO (84.4%; Momoi et al., 1988), and slightly lower
between human and mouse (78%; Tada et al., 1990) and human and rat (80%; Konno,

1998).

1.2 DAO: function in the mammalian brain

The discovery that concentrations of D-serine in the brain are reciprocally distributed to
the expression of DAO (Schell et al., 1995) provided evidence that DAO has a functional
role in the mammalian brain. Several further pieces of evidence support this theory,
including the characterisation of DAO mutant mice. The ddY/DAO- mutant mouse (Konno
and Yasumura, 1983; Sasaki et al., 1992) lacks DAO activity due to a single glycine-
arginine substitution at position 181 (Gly181Arg; Sasaki et al., 1992). These mice show
elevated levels of DAO substrates in most brain regions (Morikawa et al., 2001), although
interestingly show different elevation patterns between the different amino acids (Table 2).
D-alanine, for example, is elevated in all brain regions of ddY/DAO- mice when compared
with wild-type, whereas D-serine shows a marked increase in the cerebellum (~10 times
more), but no difference in the forebrain (Morikawa et al., 2001). This suggests that the
neurobiology of DAO in the mammalian brain is complex, and that there is regional
variation in its activity and physiological relevance. Nevertheless, it provides clear
evidence that abolishing DAO activity has an effect on the levels of D-amino acids present

in the brain, and points to a functional role of DAO in regulating their levels. However,




Chapter 1: Introduction

whether the elevations in brain levels of the D-amino acids in the ddY/DAO- mice occurs
specifically as a result of a lack of central DAO levels remains difficult to determine, since
DAO is also highly expressed in the periphery, and so elevated systemic D-amino acid
levels may have a contributing effect (see Burnet et al., 2011). However, a recent study
used lentivirus-delivered RNA-interference to knock down DAO specifically in the mouse

cerebellum, and reported a 77% increase in cerebellar D-serine levels as a result (Burnet

etal., 2011).

D-amino Brain region Fold change in
acid g ddY/DAO- mice

D-serine | Cerebral cortex NC?aPed
1.13°
1.15'
Hippocampus NCPed
1.29'
Cerebellum 5.2%
69
14°
11°
36°
D-alanine Cerebral cortex 3.9%
5.1°
5.2"
10°
Hippocampus 5.4°
6.1"
10°
Cerebellum 8.2%
7.3°
8.9"
~50°
D-proline Cerebral cortex NC'
Hippocampus NC'
Cerebellum 2.4

Table 2. Changes in concentrations of D-amino acids in the brains of DAO knockout
mice. Values show the significant fold increases of the D-amino acid in the ddY/DAO-
mouse compared with wild-type mice. NC; no significant change.( *Nagata et al., 1994b;
®Morikawa et al., 2001; “Wang and Zhu, 2003; “Miyoshi et al., 2009; ®Hashimoto et al.,

1993b; 'Song et al., 2008; “Kumashiro et al., 1995; "Hamase et al., 2005; 'Hamase et al.,
2001).
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1.3 DAO: regulation of NMDA receptor function

Glutamate is the principal excitatory neurotransmitter in the central nervous system, and
is ubiquitously expressed throughout the brain. There are four main subtypes of glutamate
receptor: the N-methyl-D-aspartate receptor (NMDA receptor), the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPA receptor), the kainate receptor, and the
metabotropic receptors. The first three of these, including the NMDA receptor, are

ionotropic receptors; that is, they are ligand-gated ion channels.

The NMDA receptor has a heterotetrameric structure and consists of two NR1 subunits
and two regionally localised NR2 subunits (Laube et al., 1998). The major endogenous
agonist at the receptor, glutamate, has a binding site on the NR2 subunit (Laube et al.,
1997), whereas the binding site for the co-agonist (the ‘glycine site’) is located on the NR1
subunit (Kuryatov et al., 1994; Wafford et al., 1995). The receptor requires both the
occupation of the glutamate binding site and the glycine binding site in order for receptor
activation to occur (Kleckner and Dingledine, 1988). Furthermore, the receptor is subject
to a voltage-dependent magnesium block (Ascher and Nowak, 1988); membrane
depolarisation is required to remove magnesium ions from the receptor pore before the
receptor can activate. As such, the receptor has been labelled a ‘molecular coincidence
detector’ (Bliss and Collingridge, 1993), and is believed to be critically important for a
number of neurological processes, including synaptic plasticity and long-term potentiation

(Collingridge, 1987).

Although glycine was originally considered to be the principal co-agonist at the glycine
binding site, D-serine has more recently been shown also to be a functional ligand at the
site (e.g. Mothet et al., 2000), and its regional expression resembles that of NMDA
receptors in the rat brain (Schell et al., 1997). As such, D-serine is now widely speculated

to be the major endogenous agonist at the glycine site of the NMDA receptor (see
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Wolosker, 2006; Oliet and Mothet, 2009). However, D-alanine, another substrate of DAO,
is also capable of binding the glycine site (Sakata et al., 1999) and is receiving
considerable interest as another functional D-amino acid in the mammalian brain. Both
D-serine and D-alanine are metabolised by DAQO, and as such, DAO levels and D-amino
acid availability at the synapse may be important factors in regulating glutamate signalling

at the NMDA receptor.

1.4 DAO: distribution

1.4.1 Regional

DAO is conventionally described as a hindbrain enzyme confined to the lower brain stem
and cerebellum (Horiike et al.,, 1994). However, expression of both DAO mRNA and
protein has more recently been observed in forebrain and midbrain regions (Kapoor et al.,
2006; Verrall et al., 2007), although interestingly with much lower activity than in the
cerebellum (Neims et al., 1966; Madeira et al., 2008). As expected, however, this activity
pattern is opposite to the relative levels of D-serine in these areas. Very low levels are

found in the cerebellum compared with cortical regions (Table 3).
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D-serine DAO activity
(nmol/g tissue) (nmol/g tissue)
Cerebral cortex 128 8.1
Cerebellum ND 307

Table 3. D-serine concentrations and DAO activity in the adult human brain.
D-serine values are taken as averages of the summarised data in table 2 of Verrall et al.,
2010. Units are nmol/g tissue, converted where necessary from alternative units used in
the original publication. DAO activity levels taken from Table 2 of Madeira et al., 2008,
and measured using D-serine oxidation. ND=not detectable or trace levels.

DAO has also been shown to be expressed in dopaminergic midbrain nuclei (Moreno et
al.,, 1999; Verrall et al., 2007), but its activity therein has yet to be unequivocally
demonstrated. However, Fernandez-Espejo and colleagues infused the rat ventral
tegmental area (VTA) with either a DAO inhibitor or D-serine, and showed an
augmentation of behavioural sensitisation to cocaine as a result (Fernandez-Espejo et al.,
2008). This process critically involves DA transmission from the VTA (Kalivas and
Stewart, 1991), and is accompanied by enhanced glutamate release in the VTA (Kalivas
and Duffy, 1998) and increased NMDA (Karler et al., 1989) and AMPA receptor (Li et al.,
1997) stimulation. As such, the importance of D-serine activity at the NMDA receptor
glycine site in the VTA is strongly implicated by this study, as is the presence and

physiological relevance of DAO in the midbrain.
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1.4.2 Cellular and subcellular

Traditionally, D-serine is considered to be synthesised (via serine racemase, SRR,
Wolosker et al., 1999b) and released from glia (Wolosker et al., 1999a) at tripartite
synapses to potentiate the action of glutamate at the NMDA receptor, after which it is
taken back up into glia and metabolised by peroxisomal DAO (Figure 2a). However, more
recent evidence suggests that DAO may not be exclusively glial, with immunoreactivity
being demonstrated in Golgi and Purkinje cells in the rat cerebellum (Moreno et al., 1999),
and studies in other brain areas also suggesting a neuronal localisation for DAO (Moreno
et al., 1999; Verrall et al., 2007) — and indeed for SRR (Kartvelishvily et al., 2006; Verrall
et al., 2007). A much more complex system seems possible, and indeed likely, with DAO
and SRR present in both neurons and glia, working in conjunction with several other

influencing factors.

At the subcellular level, DAO has been shown to be a peroxisomal enzyme, specifically
being located to microperoxisomes in Bergmann glial cells and astrocytes of the
cerebellum (Horiike et al., 1987), and possessing a C-terminal peroxisomal targeting
sequence (Gould et al., 1988; Fukui et al.,, 1987; Caldinelli et al., 2004). However, a
detailed colocalisation study using immunofluorescence has revealed that a significant
amount of DAO is also present outside peroxisomes in cultured human astrocytes (Sacchi
et al., 2008), suggesting that DAO is not exclusively expressed therein. Indeed, the C-
terminal region of the enzyme is prone to proteolysis (Pollegioni et al., 1995), resulting in
an absence of the peroxisomal-targeting sequence, which could account for cystosolic

DAO.

Figure 2b summarises the potential complexity of D-serine regulation at the synapse, and
outlines possible pathways involved (adapted from Verrall et al., 2010, upon which | am

co-author).
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Pre-synaptic

Post-synaptic
neuron

Figure 2. Synaptic regulation and DAO catabolism of D-serine. (a) Schematic
showing a simplified, traditional view of synaptic D-serine and its breakdown by DAO. (1)
Glial serine racemase (SRR) synthesises D-serine (green triangles) from L-serine. (2)
D-serine is released at tripartite synapses to facilitate the action of synaptic glutamate
(yellow circles) at NMDA receptors. (3) Synaptic D-serine is then taken up into glia and
broken down by peroxisomal DAO. (b) Schematic incorporating additional players and
pathways that may be involved in DAO function and D-serine regulation. (4) SRR may
also be localised in neurons, allowing neuronal formation and release of D-serine (5) SRR
translocates to the plasma membrane (of neurons or glial cells) after NMDA receptor
activation, regulating D-serine synthesis. (6) Synaptic D-serine can have actions
additional to potentiating NMDA receptors, including antagonism at NR1/NR3 and AMPA
receptors and binding to the GIuRd2 receptor. (7) D-serine is removed from the synapse
into the glia by ASCT2 (and potentially other transporters), and into neurons
predominantly through Asc-1 and also through ASCT2. (8) Intracellular D-serine may
enter peroxisomes through a transporter, for which dsr-1 and dsm-1 are potential
candidates. (9) D-serine taken up into neurons may be broken down by neuronal DAO.
(10) DAO may exist, and be functional, outside peroxisomes. (11) In addition to D-serine,
DAO also breaks down certain other D-amino acids, including D-alanine (dark blue
squares). (12) D-serine may be catabolised through DAO-independent mechanisms,
including SRR-mediated eliminase or reverse racemase functions. It is unclear how many
of steps (4)—(12) exist in vivo, and their relative importance in different cellular and
synaptic populations. However, the schematic emphasises the likely complexities involved
in understanding the neurobiology of DAO and its relationships with other components of
D-serine regulation.

10
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Interestingly, a recent set of immunoprecipitation experiments revealed 24 putative DAO-
interacting proteins, including Bassoon, a protein enriched in the presynaptic active zone
(Popiolek et al., 2011). The authors also found both DAO and Bassoon in a pure synaptic
membrane protein fraction without catalase, suggesting that DAO may localise at the
synaptic junction, where it may interact with presynaptically located Bassoon (Popiolek et
al., 2011). Furthermore, Bassoon was shown to inhibit DAO activity (Popiolek et al.,
2011), suggesting a potentially important role for the Bassoon-DAO interaction in

modulating synaptic D-serine and D-alanine levels.

The cellular and regional distribution of DAO is complex, and the original view that it is a
peroxisomal, glial, hindbrain enzyme is too simplistic. The presence of DAO appears not
to necessarily mean it is functional, at least in the breakdown of D-serine, adding further
complexities to the neurobiology of the enzyme. As part of this thesis further
investigations will be carried out into the distribution of DAO at both the regional and
cellular level, with a view to probing some important questions to which the answers

currently remain unknown or equivocal.

1.5 Schizophrenia

1.5.1 Overview of schizophrenia

Schizophrenia is a major psychiatric disorder that affects around 1% of the population
worldwide and represents a significant economic burden (Wu et al., 2005). It is a
debilitating psychiatric syndrome that typically manifests in adolescence or early
adulthood and usually has a chronic course. The symptoms of schizophrenia are grouped
into two categories: positive and negative. Positive symptoms include those that represent
an excess or distortion of normal functions, and include delusions, hallucinations

(including auditory), thought disorder and paranoia. Conversely, those symptoms termed
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‘negative’ reflect a reduction of normal function, and include social withdrawal, emotional
flattening, anhedonia and alogia. Cognitive symptoms may also be present, and include
memory loss and attentional difficulties, making it difficult for patients to function in
everyday life, even when their other symptoms are under control. Mood symptoms are
also present in many cases, and can make accurate diagnosis of schizophrenia difficult.
Schizophrenia is diagnosed based on standardised criteria outlined in either the
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR, published by the
American Psychiatric Association) or in the International Statistical Classification of
Diseases and Related Health Problems (ICD-10, published by the World Health
Organization). European countries usually diagnose according to ICD-10, while the DSM-
IV criteria are used in the USA and the rest of the world. Briefly, according to DSM-IV-TR,
diagnosis requires the presence of two or more characteristic symptoms, each for at least
1 month, coupled with social or occupational dysfunction and evidence of overall
disturbance for at least 6 months. The schizophrenia can then be further classified into
one of paranoid type, disorganised type, catatonic type, undifferentiated type or residual
type. A diagnosis of schizophrenia cannot be made if the symptoms are likely to be a
result of another medical condition or are linked to medication or substance abuse (DSM-
IV-TR, 2000).

The exact neuropathological basis of schizophrenia remains unclear, but several different
neurotransmitter systems have been implicated in the pathogenesis of the disorder.
Classically, the DA system has been most extensively studied, largely based on the
finding that the vast majority of antipsychotic medications act on DA receptors. The DA
hypothesis of schizophrenia suggests that the positive symptoms are associated with a
hyperfunctional mesolimbic DA pathway, and the cognitive and negative symptoms are
associated with a hypofunctional mesocortical DA pathway (Davis et al., 1991). However,
the glutamate system is now also under considerable investigation, and is believed to play

a role through hypoactivity. This is largely based on the finding that administration of
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glumatergic NMDA receptor antagonists, such as phencyclidine and MK-801, induce
psychosis in healthy individuals (see Javitt and Zukin, 1991), suggesting a diminished
activation of NMDA receptors in schizophrenia.

Current treatments for schizophrenia include a combination of antipsychotic medications
and psychological treatments. First generation antipsychotics include chlorpromazine and
haloperidol, which act mainly at dopaminergic D2 receptors (Chlorpromazine
hydrochloride SPC, Rosemont Pharmaceuticals Ltd., 2012; Dolpin SPC, Pinewood
Healthcare, 2011). Many second generation antipsychotics, however, also appear to have
significant actions at other receptors, including the serotonergic 5-HT, receptors, and
have fewer extrapyramidal side effects (Risperdal SPC, Janssen-Cilag, 2012; Olanzapine
SPC, Accord Healthcare Ltd., 2012). These include risperidone and olanzapine. These
medications are usually coupled with psychological treatments, which can include family

intervention, cognitive behavioural therapy and art therapy.

1.5.2 Schizophrenia genetics

Schizophrenia is a highly heritable disorder, as demonstrated by repeated family, twin and
adoption studies. Estimates of the heritability of risk lie at around 80% (Cardno and
Gottesman, 2000; Sullivan et al., 2003), with twin studies suggesting concordance rates
of around 50% for monozygotic twins and around 20% for dizygotic twins (Cardno and
Gottesman, 2000). As such, the genetic basis of schizophrenia has been the focus of
considerable research effort.

Candidate genes for schizophrenia have been identified using a variety of methods, which
have evolved significantly in recent years. Originally, many putative risk genes for
schizophrenia were identified in hypothesis-driven candidate gene association studies
(see e.g. Harrison and Weinberger, 2005), in which specific genes were selected based

on their predicted potential involvement in the pathogenesis of schizophrenia, and then
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compared for variation between patients with schizophrenia and controls. Genome-wide
linkage studies were also used to try to identify genomic regions whose inheritance was
correlated with developing schizophrenia. Together, these studies identified many
potential candidate genes for schizophrenia.

However, more recently, the emergence of genome-wide association studies (GWAS;
studies scanning the entire genome for disease association) has led to considerable
questioning of the validity of these original identifications. Those genes historically
identified as candidate genes for schizophrenia using hypothesis-driven approaches (e.g.
COMT, DRD2, NRG1, BDNF) have been analysed relative to GWAS results, and almost
no overlap has been found (Collins et al., 2012). GWAS results have, however, allowed
for the identification of new candidate schizophrenia genes, including ZNF804A
(O'Donovan et al., 2008). Interestingly, ZNF804A has recently been shown to regulate
transcription levels of four putative schizophrenia-associated genes (PRSS16, COMT,
PDE4B and DRD2; Girgenti et al., 2012), suggesting that it may modulate a network of
genes associated with schizophrenia. GWAS analyses of the International Schizophrenia
Consortium have supported a polygenic model for schizophrenia, in which susceptibility
potentially involves hundreds of common alleles across many domains of brain
development and function (Purcell et al., 2009). Each individual variant may have little
effect, and confer little predictive value, but when combined together, they collectively
make considerable contribution to disorder risk.

However, GWAS studies also have limitations. Firstly, there is the need to correct for
large numbers of statistical comparisons, and so thresholds of significance must be very
conservative (Gejman et al., 2011). There are also considerable difficulties in determining
potentially significant environmental influences within the study cohort (Gejman et al.,
2011). Furthermore, rare single nucleotide polymorphisms (SNPs) often remain

undetected in GWAS arrays, and many SNPs identified as a result of GWAS do not

14



Chapter 1: Introduction

appear to be located in coding sequences of the genome — rather, they are intronic, or of
unclear function (see Gejman et al., 2011).

Recent interest has also focused on copy number variants (CNVs), in which sections of
the genome (ranging from 1kb to several Mb) are deleted or duplicated. There has
emerged supporting evidence for the association of specific CNVs with schizophrenia;
particularly noteworthy is an unusually large deletion at 22q11.21, which has long been
known to cause velocardiofacial syndrome. 30% of carriers of this deletion develop
psychosis, 80% of which presents as schizophrenia (Murphy et al., 1999). This confers
the largest known individual risk factor for schizophrenia (next to having an identical twin
with the disorder). Other identified CNVs that are associated with schizophrenia include
deletions in 2p16.3 (NRXN1), 1g21.1 and 15g13.3, and duplications in 16p11.2 (Levinson
et al., 2011). CNVs are rare but strong (genotypic relative risks of 7-20; Kim et al., 2011),
and confer increased risk for multiple psychiatric and general medical disorders (Sebat et

al., 2009).

Together, studies into the genetic basis of schizophrenia have provided considerable
evidence that genetic predisposition contributes significantly to the risk of developing
schizophrenia. Although some studies have generated conflicting results, and each of the
different study designs has its own limitations, together they point to a complex genetic
architecture. It seems likely that the overall genetic risk for schizophrenia is dependent on
the presence of both common SNPs of little effect, and on the presence of much rarer
CNVs, which are stronger predictors of the disorder. However, the relative contribution of
each remains unclear. Furthermore, there is the question of the so-called ‘missing
heritability’. Clearly, genetics alone does not fully account for predisposition to
schizophrenia. In addition to the widely cited gene-environment interactions in
schizophrenia, there are likely to be additional gene-gene interactions. Whereas each of

the risk variant SNPs are likely to be relatively common in the general population, each
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with little individual effect (Picchioni and Murray, 2007), epistatic interactions between
such genes, and the interplay between their products, are likely to contribute to the
pathogenesis of the disorder. It is also possible that buffering mechanisms that arise in
response to potentially detrimental SNPs may themselves play a role (Gejman et al.,
2011). As such, the genetic basis of schizophrenia is highly complex, and it appears to

be a relatively highly polygenic disease (Kim et al., 2011).

1.5.3 Schizophrenia and DAO

DAO itself was originally identified as a putative susceptibility gene for schizophrenia in
2002 via genetic and physiological interaction with G72, its putative binding partner
(Chumakov et al., 2002). Further association studies of DAO with schizophrenia have
yielded both positive (e.g. Liu et al., 2004; Schumacher et al., 2004; Wood et al., 2007;
Corvin et al., 2007; Kim et al., 2010) and negative (e.g. Yamada et al., 2005; Liu et al.,
2006; Vilella et al., 2008; Shinkai et al., 2007; Bass et al., 2009) results. However, DAO
has not been identified as a candidate gene for schizophrenia in any GWAS studies. A
meta-analysis of published association studies for DAO and schizophrenia is available in
the SZGene Database (http://www.szgene.org; Allen et al., 2008), and when accessed in
Q1 2012, revealed only one DAO SNP that is significantly associated with schizophrenia
(Table 4; SZGene Database accessed 29 February 2012). Interestingly, this SNP appears
to be protective against schizophrenia. No identified CNVs that have been associated with
schizophrenia to date appear to span the DAO locus. Overall, DAO is currently the
number 40 top schizophrenia gene in the SZGene Database, as ranked by the statistical
significance of its significant SNP (http://www.szgene.org/TopResults.asp; updated 23
December 2011, accessed 29 February 2012). The positions of the SNPs analysed in the

SZGene Database in the DAO gene are shown in Figure 3.
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SNP Odds Ratio 95% Confidence Interval
rs2070586 1.00 [0.79, 1.26]
rs2070587 0.97 [0.84, 1.11]
rs2111902 1.03 [0.90, 1.18]
rs3741775 0.93 [0.82, 1.07]
rs3825251 1.03 [0.94, 1.12]
rs3918346 1.01 [0.86, 1.18]
rs3918347 1.17 [0.98, 1.41]
rs4623951 0.88 [0.79, 0.98]

Table 4. Association of single nucleotide polymorphisms in the DAO gene with
schizophrenia.
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Figure 3. The DAO gene and transcript. The gene comprises 11 known exons. Exon 1 plus 9 base pairs of exon 2 encode the 5'-
untranslated region (shaded grey) of the DAO transcript, exons 2—-11 encode the open-reading frame, and exon 11 encodes the 3'-
untranslated region (shaded grey). The transcriptional start site is in exon 1. The positions of the DAO SNPs analysed in the SZGene
Database are shown. Figure adapted from Verrall et al., 2010.
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There remains scepticism as to the reliability of the identification of DAO as a
susceptibility gene for schizophrenia. However, at the time of conception of this thesis,
neither the positive nor negative results were overwhelming, and as such, the positive
results (Chumakov et al., 2002; Corvin et al., 2007; Schumacher et al., 2004; Wood et al.,
2007; Liu et al., 2004) were still considered sufficient evidence with which to at least
consider DAO as a potential gene. Furthermore, a meta-analysis was published by Shi
and colleagues in 2008, just prior to the commencement of the current study, in which
case-control and family-based studies were combined and a DAO SNP was found to be
significantly associated with schizophrenia (Shi et al., 2008). This provided further
evidence for DAO as a schizophrenia candidate gene.

The mechanism by which DAO may be associated with schizophrenia remains unclear,
however, since studies have failed to directly associate DAO single nucleotide
polymorphisms (SNPs) with any effect on DAO expression and activity (Burnet et al.,
2008) or on D-serine levels (Yamada et al., 2005). Furthermore, questions have arisen as
to the significance of the proposed G72-DAO interaction, which was originally used to
identify DAO as a candidate gene (Chumakov et al., 2002). The most significant of these,
perhaps, comes from a report failing to identify any significant G72 mRNA or protein
expression in the human brain (Benzel et al., 2008), suggesting not only that any
interaction between DAO and G72 does not occur in vivo, but potentially that G72 itself is
not robustly expressed as a functional molecule. As such, the DAO-G72 interaction is
guestionable, and whether or not SNPs in the DAO gene lead to schizophrenia remains

unclear.

Despite the genetic complexities described above, evidence still points to a role of DAO in
the pathophysiology of schizophrenia. DAO shows increased expression and activity in
the disorder (Kapoor et al., 2006; Verrall et al., 2007; Burnet et al., 2008; Madeira et al.,

2008). Although evidence across all regions is inconclusive, increased DAO mRNA and
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activity in the cerebellum has been confirmed in several studies (Kapoor et al., 2006;
Verrall et al., 2007; Burnet et al., 2008). Subject to the caveats of post-mortem studies,
these data suggest that DAO may play a contributing role in the pathogenesis of
schizophrenia; in the simplest model, it may be hypothesised that an increase in the
expression and activity of DAO may reduce the availability of D-serine in the synapse,
contributing to the hypofunction of the glutamatergic NMDA receptor, which itself has long
been implicated in the pathogenesis of schizophrenia (Kim et al., 1980; Javitt and Zukin,
1991; Moghaddam, 2003; Coyle et al., 2003; Marek et al., 2010). Consistent with this,
decreased D-serine levels have been observed in the serum and cerebrospinal fluid of
patients with schizophrenia (Hashimoto et al., 2003; Hashimoto et al., 2005b), although
interestingly not in brain tissue (Bendikov et al., 2007; Kumashiro et al., 1995). Regionally,
it may be considered surprising that the changes in DAO expression and activity are only
convincingly observed in the cerebellum, as this brain area is not traditionally associated
with schizophrenia. Nevertheless, evidence is growing to suggest that the cerebellum has
an important role in cognition, via connections with the cerebral cortex (see (Andreasen
and Pierson, 2008), and cerebellar malfunction could help to explain the diverse

symptomatology of schizophrenia (Andreasen and Pierson, 2008).

1.6 The DA system

1.6.1 DA synthesis and metabolism

The neurotransmitter dopamine (DA) is a member of the catecholamine family, which is
synthesised via the hydroxylation of L-tyrosine to L-DOPA by tyrosine hydroxylase,
followed by decarboxylation of L-DOPA by DOPA decarboxylase. DA is released from
neurons via vesicular exocytosis. DA can then be metabolised in one of two ways: first,
via degradation to dihydroxyphenylacetic acid (DOPAC) by monoamine oxidase (MAO)

and aldehyde dehydrogenase, followed by further metabolism to homovanillic acid (HVA)
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by catechol-O-methyltransferase (COMT); or second, by inital degradation by COMT to
3-methoxytyramine (3-MT), then further metabolism by MAO and aldehyde

dehydrogenase to HVA (Figure 4). Both pathways converge on HVA.

Dopamine (DA)

Monoamine oxidase (MAO) + Catechol-O-methyltransferase
aldehyde dehydrogenase (COMT)

HO OH 0

HsC”~
(0] NH;

HO HO

3,4-Dihydroxyphenyl- 3-Methoxytyramine (3-MT)

acetic acid (DOPAC)

Catechol-O-methyltransferase

Monoamine oxidase (MAQ) +
(COMT)

aldehyde dehydrogenase

(0] OH
HaC~
(0
HO
Homovanillic acid (HVA)

Figure 4. The DA metabolic pathway.
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1.6.2 DA pathways and receptors

There are four major DA pathways in the brain: the mesolimbic pathway, which projects
from the VTA to the nucleus accumbens; the mesocortical pathway, which projects from
the VTA to the prefrontal cortex (PFC); the nigrostriatal pathway, which projects from the
substantia nigra to the striatum; and the tuberoinfundibular pathway, which projects from
the hypothalamus to the pituitary gland. DA has several important functions in the brain,
including the regulation of cognition, voluntary movement and reward. DA receptors are
G-protein coupled receptors, of which there are at least five subtypes (D;—Ds) and which

are differentially expressed throughout the brain.

1.6.3 Regulation of the DA system in the VTA

The VTA is the source of the mesocortical and mesolimbic DA systems in the human
brain. The VTA receives innervation from the cerebellum (Snider et al., 1976) and the
PFC, which provides one of the principal glutamate inputs to the VTA (Sesack and Pickel,
1992). DA neurons in the VTA express glutamatergic NMDA receptors (Seutin et al.,
1990), and considerable evidence suggests that dopaminergic output from the VTA is
regulated by these receptors (e.g. Bennett and Gronier, 2007). Burst firing of midbrain DA
neurons has been shown to result from the tonic activation of NMDA receptors in vivo
(Chergui et al., 1993). However, noncompetitive NMDA receptor antagonists, such as
PCP and MK-801, have also been shown to produce dose-dependent increases in the
firing rate of ventral tegmental DA neurons in the rat, which are accompanied by
increases in burst activity (French et al., 1993). Modulators of the NMDA receptor glycine
site, such as kynurenic acid, can also tonically modulate the activity of these neurons,
with some studies suggesting that antagonists of the site produce increases in firing rate
and burst firing activity (Schwieler et al., 2006), and others suggesting that antagonists

produce inhibition of burst firing activity (Charlety et al., 1991). As such, NMDA receptors
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appear to be important regulators of DA output from the VTA, although the mechanism

may be complex.

1.7 DAO and schizophrenia: link with the DA system

The DA system has long been implicated in schizophrenia; hyperfunction of the
mesolimbic DA pathway is believed to be responsible for the positive symptoms of the
disorder, and conversely, hypofunction of the mesocortical pathway is thought to
contribute to the negative and cognitive symptoms (Davis et al., 1991; Howes and Kapur,
2009; Weinberger et al., 2001). The vast majority of classical antipsychotic drugs are DA
receptor antagonists, and evidence suggests that their neuroleptic effects are achieved by
reducing DA activity in the mesolimbic system (see Davis et al., 1991). However, the
battery of negative and cognitive symptoms associated with hypofunction of the

mesocortical pathway currently remains largely untreated.

Disruption of both the mesolimbic and mesocortical systems in schizophrenia suggests
that aberrant regulation of a common feature of their pathways may be involved in the
pathogenesis. Both of these systems originate in the VTA, and as discussed above, the
DA output from the VTA is mediated by NMDA receptor activation. It is therefore possible
that disrupted NMDA receptor mediation may play a role in schizophrenia. If DAO is
present and active in the VTA, as suggested above (Fernandez-Espejo et al., 2008),
aberrant DAO activity, altered D-serine levels and consequent effects on NMDA receptor
function in the VTA could contribute to DA system dysfunction in schizophrenia.
Manipulation of DAO and D-serine levels in the midbrain could thus alter DA levels in

projection areas, including in the cortex.

Interestingly, evidence also suggests that the cerebellum can modulate dopaminergic

function in the PFC (Mittleman et al., 2008), and that disrupted Purkinje cell output from
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the cerebellum may result in abnormal DA transmission in the PFC (Mittleman et al.,
2008). If, indeed, the cerebellum is at least partially responsible for the regulation of
cortical DA function, cerebellar malfunction, again as a result of aberrant DAO and
D-serine levels, may also be a contributing factor to the deficits in cortical DA signalling
observed in schizophrenia. Furthermore, a more recent study also showed that the
cerebellar-PFC connection is also partially reliant on NMDA receptor function in the VTA,
with intra-VTA infusion of the NMDA receptor antagonist kynurenate reducing cerebellar
stimulation-invoked cortical DA release by around 50% (Rogers et al., 2011). Clearly, both
the cerebellum and VTA have a potential role in the modulation of cortical DA function,
and as such, levels of D-serine and DAO, and NMDA receptor function, in these areas

may play an important part in this modulation.

1.8 DAO and schizophrenia: therapeutic potential

The reduced D-serine levels found in patients with schizophrenia (Hashimoto et al., 2003;
Hashimoto et al., 2005b) may be therapeutically relevant. Increasing D-serine levels in
these patients and augmenting NMDA receptor function could potentially be of benefit.
Indeed, some clinical trials with D-serine as an add-on treatment have shown a
favourable effect, including on negative and cognitive symptoms (Coyle et al., 2002;
Javitt, 2006; Kantrowitz et al., 2010; Heresco-Levy et al., 2005). Given that these
symptoms currently remain largely untreated by existing drugs, this makes D-serine
therapy very attractive. However, large doses of D-serine are required, which may cause
nephrotoxicity (Ganote et al., 1974; Krug et al., 2007). Other methods of potentiating
NMDA receptor glycine site function have also been investigated, including the use of
other glycine site agonists D-cycloserine (a partial agonist; Heresco-Levy and Javitt,
2004), glycine (Heresco-Levy and Javitt, 2004; Heresco-Levy et al., 1999; Javitt et al.,

1994) and D-alanine (Tsai et al., 2006), with full agonists at the glycine site being more
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effective in producing clinical improvement than partial agonists (Heresco-Levy and Javitt,
2004). Glycine transporter inhibitors are under investigation, which increase synaptic
levels of glycine through prevention of its reuptake from the synaptic cleft. One such
inhibitor, sarcosine (N-methyl glycine), has been shown to induce significant reductions in
negative and cognitive symptoms of schizophrenia, in addition to positive symptoms,
when taken in combination with standard antipsychotic regimens (Tsai et al., 2004). DAO
inhibitors have also been identified as a potential alternative method of augmenting
glycine site function, via the elevation of levels of D-amino acids as a result of inhibition of
their metabolism. No clinical trials of DAO inhibitors in schizophrenia have been published
to date, although some pre-clinical studies have investigated their potential antipsychotic
and cognitive-enhancing effects in vivo (Adage et al., 2008; Smith et al., 2009), with one
showing promising results (Adage et al., 2008). However, another study suggested that
DAO inhibition alone may not be sufficient to produce similar effects to those seen with
D-serine (Smith et al., 2009). It is attractive to speculate, however, that administration of
the two substances in conjunction may allow for synergistic therapeutic effects while not

needing to increase the D-serine dose further.

Studies of DAO mutant mice also support the hypothesis that DAO inhibition may be
useful in treating schizophrenia. For example, ddY/DAO- mice have been shown to have
a reduction in stereotypy and ataxia induced by the NMDA receptor antagonist MK-801
(Hashimoto et al., 2005a), which is widely used as a model of schizophrenia (see
Moghaddam and Jackson, 2003). Furthermore, the mice have been shown to have
improved spatial learning in the Morris water maze and increased hippocampal long-term
potentiation (Maekawa et al., 2005), suggesting a pro-cognitive effect of the knockout.
Together, these data suggest that a reduction in DAO activity may have beneficial effects

in schizophrenia, including on the cognitive symptoms.
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However, despite the evidence presented above suggesting that D-amino acid elevation
or DAO inhibition may be useful in the treatment of schizophrenia, not all studies have
reported positive findings. Some studies in DAO mutant mice have failed to show
differences between wild-types and knockouts in some behavioural tests (e.g. Almond et
al., 2006), and furthermore, some clinical studies with glycine site agonists have failed to
show beneficial effects (Goff et al., 2005; Tuominen et al., 2005). There also remain
further caveats; not least the fact that whereas D-serine levels are reduced in the serum
and cerebrospinal fluid of patients with schizophrenia, as noted above, levels of D-serine
in the brain itself do not seem to be decreased (Bendikov et al., 2007; Kumashiro et al.,
1995). Nevertheless, the body of evidence suggesting that manipulation of DAO and/or D-
amino acid levels may have a beneficial effect in some cases may be considered

sufficient to support further research into this therapeutic approach.
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1.9 Summary and thesis aims

In summary, the expression pattern and physiological role of DAO in the brain remains
unclear. Whereas DAO was traditionally considered to be an enzyme expressed in
peroxisomes of the glia in the hindbrain, it now seems that it may also be expressed
outside peroxisomes, it may be expressed in neurons as well as glia, and it may be
present in other brain regions in addition to the hindbrain. Furthermore, given that DAO
activity, and its effects on levels of D-amino acids, can potentially affect the function of
NMDA receptors, its regional expression and activity may be of great functional
importance. The VTA is the source of the mesocortical and mesolimbic DA systems in the
mammalian brain, and dopaminergic output along these systems is regulated by NMDA
receptors. As such, if DAO is expressed and active in the VTA, its regulation of D-amino
acid availability at the glutamatergic synapse may have a functional impact on NMDA
receptor glycine site occupancy, and hence activation of the receptor and stimulation of
the DA system. DAO may, therefore, be an indirect modulator of DA function in the brain,
and may have a role in those psychiatric disorders involving the DA system, including

schizophrenia.

In light of these considerations, this thesis will have three main focal points:

1. Investigations into the regional and cellular expression of DAO in the rat brain. The
main focus will be the question of whether or not DAO is present in the VTA, and if
so, in which type of cell? DAO expression will also be investigated in the
cerebellum, to assess the cell type in which it is expressed therein. Both in situ
hybridisation and immunofluorescence techniques will be used to investigate

MRNA and protein expression, respectively.
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2.

Investigations into the potential links between DAO activity, D-amino acid levels,
NMDA receptor activation and mesocortical DA system function in the rat brain.
How the manipulation of DAO activity and/or D-serine levels in the rat brain affects
levels of DA in the PFC will be studied. In vivo microdialysis will be used to
measure levels of DA in the PFC, while systemic or intra-VTA injections of

D-serine and/or DAO inhibitors are administered.

Investigations into the effects of genetically abolishing DAO activity on markers of
DA system function. The expression of DA receptors and metabolising enzymes
will be investigated in the PFC of DAO knockout mice. RT-PCR will be used to
quantify the expression of the dopaminergic Drdla and Drd2 receptors, in addition
to catechol-O-methyl transferase (COMT; a metabolising enzyme of DA), in tissue
taken from the PFC of DAO knockout, heterozygote, and wild-type mice. The three
groups will then be compared, and differences in the DA markers investigated as

possible evidence for altered mesocortical DA function in the knockout mice.
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Chapter 2:
The regional and cellular expression of
DAO in the developing and adult rat

brain
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2.1 Background

Although DAO is classically considered to be a glial hindbrain enzyme, it may have
important functions in other brain regions. For example, DAO has been shown to be
expressed in dopaminergic midbrain nuclei (Moreno et al.,, 1999; Verrall et al., 2007).
Verrall and colleagues reported strong DAO immunoreactivity in large neurons in the
substantia nigra pars compacta of the human brain, which were believed to be putative
dopaminergic neurons (Verrall et al., 2007). Similarly, Moreno and colleagues reported
dense staining in the pars compacta and pars lateralis regions of the substantia nigra of
the rat brain, with even denser staining in the pars reticula (Moreno et al., 1999). These
results all suggest the presence of DAO in dopaminergic midbrain nuclei. Furthermore,
Moreno reported some DAO immunoreactivity in the VTA of the rat brain, which is very
interesting in the context of the VTA as the source of the mesocortical and mesolimbic

dopaminergic pathways in the brain (Moreno et al., 1999).

Despite these expression studies, the activity of DAO in the midbrain has yet to be
unequivocally demonstrated. However, Fernandez-Espejo and colleagues infused the rat
VTA with either sodium benzoate (a DAO inhibitor) or D-serine, and showed an
augmentation of behavioural sensitisation to cocaine (Fernandez-Espejo et al., 2008), a
process known to involve VTA NMDA receptor activation. As such, the importance of
D-serine activity at the glycine site of NMDA receptors in the VTA is strongly implicated,
as is its regulation by DAO. It seems possible, therefore, that DAO has an important role

in the midbrain.

Traditionally, D-serine is considered to be synthesised and released from glia at tripartite
synapses to potentiate the action of glutamate at the NMDA receptor, after which it is
taken back up into glia and metabolised by peroxisomal DAO. However, more recent

evidence suggests that DAO may not be exclusively glial, with two studies suggesting a
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neuronal localisation for DAO (Moreno et al., 1999; Verrall et al., 2007). DAO may also
not be exclusively peroxisomal (Popiolek et al., 2011). A much more complex system
seems possible, and indeed likely, with DAO present in both neurons and glia, working in
conjunction with several other influencing factors. In the cerebellum, for example, DAO
has been detected numerous times exclusively in glia, across many decades of research
(Weimar and Neims, 1977b; Horiike et al., 1987; Gaunt and de Duve, 1976; Moreno et al.,
1999; Ono et al.,, 2009). However, in 1999 Moreno and colleagues reported it to be
present in Purkinje cells, raising the question as to whether it was, indeed, exclusively
glial in this brain region. This possibility may be of particular interest in the cerebellum,

given the high DAO activity levels reported there in the adult (Neims et al., 1966).

Interestingly, D-serine levels in the cerebellum are known to change throughout
development (Schell et al., 1997), suggesting that DAO levels may also change with time
in order to regulate the D-serine. For example, D-serine levels in the rat cerebellum
showed a decrease over time from P12 onwards, reaching undetectable levels by P26
(Schell et al., 1997). Similarly in the mouse cerebellum, Wang and Zhu (2003) reported
high levels of D-serine at P7, but a dramatic decline after P12, reaching trace levels by
P17 (Wang and Zhu, 2003). No DAO activity was detected in the developing mouse
cerebellum until P12, after which it increased dramatically, reaching adult levels at P49
(Wang and Zhu, 2003). Together, these studies suggest that D-serine and DAO are
expressed in a reciprocal fashion throughout development, and that DAO may work to
control levels of D-serine in the developing brain. It is interesting to note that D-serine is
detectable in the developing cerebellum, but not in the adult cerebellum (Schell et al.,
1997). As such, D-serine may serve an important function in normal cerebellar
development, and there may be interplay between NMDA receptors, D-serine and DAO in
the cerebellum before the adult brain is fully formed. Aberrant levels of D-serine, and

perhaps DAO, during development may therefore affect cerebellar formation.
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2.2 Summary and aims

The regional and cellular distribution of DAO is complex, and the original view that it is a
glial hindbrain enzyme is too simplistic. The aim of this chapter was to carry out
investigations into the distribution of DAO at both the regional and cellular level, with a
view to probing some important questions to which the answers currently remain unclear.
Specifically, is DAO expressed in the midbrain, and if so, in what type of cell? Is DAO
present in neurons in the cerebellum, or is it confined to glia, as traditionally thought? Do
the levels of DAO change in the rat cerebellum during development, in order to control

levels of D-serine?

First, an in situ hybridisation histochemistry (ISHH) riboprobe was created to investigate
the expression of DAO mRNA in coronal sections taken from the rat VTA. The riboprobe
was tested using northern blotting, in order to verify the size of the transcript target and
confirm the specificity of the probe binding. Immunofluorescent histochemistry was then
employed to investigate the corresponding protein expression. Sections were probed with
a DAO antibody in combination with either a tyrosine hydroxylase antibody (TH; a marker
of dopaminergic neurons) or a glial fibrillary acidic protein antibody (GFAP; an established
marker of glia) in order to probe the potential expression of DAO in dopaminergic neurons

and/or glia in the VTA.

The expression pattern of DAO mRNA and protein was also investigated in coronal and
sagittal sections taken from the rat cerebellum, again using ISHH and immunofluorescent
histochemistry. Sections were first labelled with both GFAP and calbindin, a marker of
Purkinje cells, in order to define and understand the Purkinje cell/glial architecture in the
region. Further sections were then incubated with DAO and GFAP antibodies, and

inspected for potential colocalisation.
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The focus then moved to the expression of DAO mRNA throughout development. ISHH
using the probe created above was used to investigate the expression of DAO mRNA in
coronal cerebellar rat brain sections from ages postnatal day (P) 7 (n=4), P21 (n=4) and
P56 (n=4). The sections were opposed to photographic film before being inspected using
a lightbox and camera, and the density of the mRNA signal in the Purkinje cell layer at

different ages quantified and compared.
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2.3 Methods

2.3.1 In situ hybridisation

DAO cDNA was amplified from rat cerebellar cDNA using forward and reverse primers
(forward sequence: GTGATGCGCGTGGCCGTGAT,; reverse sequence:
GGAATACACCTCCGAGTGTA), purified and ligated into pGEM-T Easy Vector. Plasmids
were transformed into E. Coli, grown up overnight and positive colonies selected using
blue-white reagent. Plasmids were extracted and purified using ChargeSwitch®-Pro
Plasmid Miniprep Kit and eluted with 50ul elution buffer. 10ug plasmid was then digested

with either Sacll or Pstl to linearise the construct.

To create the riboprobe, approximately 1ug of linearised plasmid was dried down with
[3**S]UTP and then incubated with NTPs, RNAsin, reaction buffer, dithiothreitol (DTT) and
either SP6 or T7 RNA polymerase to transcribe the Sacll and Pstl linearised constructs,
producing sense or antisense sequences, respectively. The plasmid DNA template was
then removed using DNase. The probe was hydrolysed by adding hydrolysis buffer and
tRNA and incubating at 60C for 34 minutes. The hydrolysed probe was purified using

NICK columns (GE Healthcare) and activity measured using a scintillation counter.

Sections (14 microns) were taken from the adult male rat VTA and cerebellum, and from
the male rat cerebellum at ages P7, P21 and P56 (n=4 for each). Sections were taken
across the whole structure in each case and were stored at -80°C. Six sections were
selected from each structure in each animal, covering both dorsal and ventral regions.
These sections were allowed to thaw for 15 minutes and then fixed in 4% formaldehyde
(in diethylpyrocarbonate [DEPC]-treated PBS) before being treated with DEPC-treated
triethanolamine containing 0.25% acetic anhydride. They were then dehydrated in graded
ethanols before soaking in chloroform to remove lipids, then rehydrated to 95% ethanol

and air-dried.
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The probe was diluted to 1.2 x 10*cpm/pl in hybridisation buffer containing DTT and 200l
added to each section. Sections were coverslipped and incubated overnight at 45°C in
trays prepared with filter paper soaked in 4x saline-sodium citrate buffer (SSC) containing
50% formamide. Sections were rinsed twice in 2x SSC at room temperature before
sequential stringency washes were carried out to remove adventitiously bound probe:
RNase A buffer, 30 minutes at room temperature; 2x SSC, 10 minutes at 55°C; 0.5x SSC,
10 minutes at 55°C; 0.1x SSC, 3 x 20 minutes at 55°C; 0.1x SSC, 45 minutes at room
temperature. Sections were rinsed in dH,0 and opposed to photographic film (Kodak) at

room temperature for 24—72 hours.

2.3.1.1 Emulsion dipping

In order to assess the cellular localisation of the riboprobe binding, sections taken from
the adult cerebellum and VTA were then dipped in autoradiography emulsion (Amersham,
UK) and left to incubate for 2 months at 4°C. This was carried out by Mary Walker.

Sections were then developed and counterstained using cresyl violet.

2.3.1.2 Quantification of mMRNA expression

Films were magnified and inspected using a lightbox and camera. MCID Elite software
was used to measure the density of the DAO mRNA signal in cerebellar sections at ages
P7, P21 and P56 by drawing multiple small boxes over the Purkinje cell layer and
measuring the average signal density therein. Grey density values were converted to
nCi/mg tissue using commercial "*C microscales. Statistical analysis was carried out with
SPSS, using a univariate ANOVA followed by Bonferroni post-hoc testing, to compare

signal density at different ages.

2.3.2 Northern blotting

Total RNA was isolated from adult rat cerebellum (n=2) using Tri®-Reagent (Sigma

T9424), suspended in 50yl nuclease-free water and quantified using a Nanodrop
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spectrophotometer. From this, poly(A)-rich mRNA was extracted using GenElute mRNA
Miniprep kit (MRN10-1KT) and eluted in 100yl elution buffer before again being quantified

using spectrophotometry.

A 1.5% agarose northern gel was prepared in 1x MESA (MOPS-EDTA-sodium acetate
buffer, Sigma M-5755) containing formaldehyde, and was placed in a gel tank treated with
RNaseZap (Sigma R-2020), containing 1x MESA. 20-30ug total RNA or 2-3ug mRNA was
mixed with a denaturing solution (containing glycerol loading buffer, formaldehyde and
formamide in 1x MESA), heated to 65°C for 5 minutes and quenched on ice. Samples
were loaded onto the gel in duplicate and ethidium bromide added to one of each. The gel
was run at 120V for 2 hours before being visualised under UV light. Overnight capillary
transfer was then carried out onto Hybond™-N+ nylon transfer membrane (Amersham

Pharmacia Biotech, RPN119B) using 40mM NaOH.

The DAO cDNA sequence was amplified via PCR of plasmids containing a DAO insert
(see previous ISHH protocol) using forward and reverse primers (forward sequence:
GTGATGCGCGTGGCCGTGAT,; reverse sequence: GGAATACACCTCCGAGTGTA) and
purified using a QlAquick PCR Purification Kit. The DAO cDNA was incubated for 2 hours
at 37°C in the presence of Klenow DNA polymerase, [*?P]dATP, dNTPs, random
hexamers and polymerase buffer in order to produce a **P-labelled DAO cDNA northern

probe. The probe was purified using NICK columns (GE Healthcare).

A hybridisation buffer was prepared containing formamide, 20x SSC, Denhardt’s solution,
ssDNA (10mg/ml) and 10% SDS, and incubated with the membrane at 42°C for 1.5-2
hours (with rotation). The purified probe was heated to 90°C for 5 minutes, quenched on
ice and mixed with further hybridisation buffer, before being incubated overnight (approx.

18 hours) with the membrane at 42°C.
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The membrane was rinsed twice in 2x SSC + 0.1% SDS before sequential stringency
washes were carried out to remove adventitiously bound probe (2x SSC + 0.1% SDS for
15 minutes at 60°C, followed by 1x SSC + 0.1% SDS for 30 minutes at 60°C, and finally
0.2% SSC + 0.1% SDS for 1 hour at 60°C). The membrane was placed against MS film

(Kodak) and exposed overnight at -70°C.

2.3.3 Immunofluorescence — VTA colocalisation

A rabbit polyclonal antibody against a C-terminal human DAO sequence (peptide H-
CGRILEEKKLSRMPPSHL-OH; N-terminal Cys added for coupling, GlaxoSmithKline) was
used to carry out immunofluorescence studies. This antibody had been used previously
by Verrall and colleagues (2007) and has been verified to detect DAO, including in rat
cerebellar tissue, using Western blotting (Verrall et al., 2007).

VTA sections were taken from adult rat brain (perfused with paraformaldehyde and
cryoprotected in sucrose solution) in the coronal plane using a cryostat and left free-
floating. Sections were washed in PBS, then incubated in 50mM ammonium chloride for
10 minutes. Further washing was carried out once in PBS, and twice in PBS containing
Triton X-100 at 0.2% (PBSX). Following blocking of non-specific sites for 1 hour in 6%
normal donkey serum in PBSX, the sections were incubated overnight at 4°C in rabbit
primary antibody to DAO at 1:500 in 2% normal donkey serum in PBSX, and either mouse
primary anti-TH antibody (Sigma T-2928) at 1:1000 or goat primary anti-GFAP antibody

(Abcam ab53554) at 1:2000.

Following washes in PBS, sections were soaked for 1 hour in secondary donkey anti-
rabbit IgG at 1:1000 (Alexa Fluor® 488, A-21206, Invitrogen), and either goat anti-mouse
IgG at 1:1000 (Alexa Fluor® 594, A-11005, Invitrogen) or donkey anti-goat IgG at 1:1000
(Cy3, 705-166-147, Jackson Immunoresearch). Sections were then washed further, once

in PBSX, once in PBS and once in PB (saline), and mounted onto slides using coverslips
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and Vectashield mounting fluid. Sections were viewed and photographed under a

microscope (Axio Imager, Zeiss, with Axioscope software).

Control experiments were carried out concurrently following the above method, but

without the addition of the primary antibody.

2.3.4 Immunofluorescence - cerebellum

Cerebellar sections were taken from adult rat brain (perfused with paraformaldehyde and
cryoprotected in sucrose solution) using a sledge microtome and left free-floating.
Sections were washed in ice-cold PBS, followed by 50mM ammonium chloride for 10
minutes and further washing in PBS. Cells were permeabilised by soaking for 1 hour in
0.5% Triton X-100 in PBS at 4°C and further washes in PBS carried out. Following
blocking of non-specific sites for 1 hour in 5% normal goat serum and 0.5% Triton X-100
in PBS at 4°C, the sections were incubated overnight at 4°C in primary DAO antibody at
1:500. Following washes in PBS, sections were soaked for 1 hour in secondary goat anti-
rabbit IgG at 1:100 (Alexa Fluor 568, Invitrogen), washed further and mounted onto slides
using coverslips and Vectashield mounting fluid. Control experiments were carried out

concurrently without the addition of the primary antibody.

2.3.5 Immunofluorescence — cerebellar colocalisation
This work was carried out some 18 months later than the original immunofluorescence
studies in the cerebellum, and some modifications were made to the protocol after re-

optimisation.

Cerebellar sections were taken from adult rat brain (perfused with paraformaldehyde and
cryoprotected in sucrose solution) in the sagittal plane using a cryostat and left free-
floating. Sections were washed in PBS, then incubated in 50mM ammonium chloride for
10 minutes. Further washing was carried out once in PBS, and twice in PBS containing

Triton X-100 at 0.2% (PBSX). Following blocking of non-specific sites for 1 hour in 6%
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normal donkey serum in PBSX, the sections were incubated overnight at 4°C in goat
primary antibody to GFAP at 1:2000 in 2% normal donkey serum in PBSX, and either
rabbit primary anti-DAO antibody at 1:500 (as described previously) or rabbit primary anti-

calbindin antibody (AB1778, Chemicon) at 1.:500.

Following washes in PBS, sections were soaked for 1 hour in secondary donkey anti-goat
lgG at 1:1000 (Cy3, 705-166-147, Jackson Immunoresearch) and donkey anti-rabbit IgG
at 1:1000 (Alexa Fluor® 488, A-21206, Invitrogen). Sections were then washed further,
once in PBSX, once in PBS and once in PB (saline), and mounted onto slides using
coverslips and Vectashield mounting fluid. Sections were viewed and photographed under
a microscope (Axio Imager, Zeiss, with Axioscope software). Control experiments were

carried out concurrently without the addition of the primary antibody.

39



Chapter 2: Regional and cellular expression of DAO

2.4 Results

2.4.1 ISHH probe verification — northern blotting

A single band was detected at approximately 2kb following northern blot analysis of
poly(A)-rich mRNA incubated with the ISHH riboprobe (Figure 5). The DAO transcript is
approximately 2kb (Momoi et al., 1988); as such, the transcript target was of the expected

size, and the probe considered to be verified.

<«<— 2kb

Figure 5. Northern blot analysis of poly(A)-rich mRNA extracted from rat
cerebellum. A single band was detected at around 2kb (arrow).
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2.4.2 Expression of DAO in the adult VTA

Incubation of sections from the adult rat VTA with a DAO T7 antisense riboprobe and
subsequent exposure to photographic emulsion revealed a pattern of clustered granules
over putative neurons throughout the VTA (Figure 6). This suggested that DAO mRNA
was present in the adult rat VTA, including in putative neurons. No specific region of the
VTA showed more expression of the mRNA than others. Incubation with a DAO SP6
sense probe resulted in the presence of very few granules, demonstrating minimal non-

specific binding (Figure 6, inset).

When corresponding DAO protein expression was investigated, immunoreactivity could
clearly be seen in putative neurons across the VTA (Figure 7a, Figure 8a), although the
cell nuclei appeared not to be stained. Some of these neurons were also TH
immunopositive (Figure 7b, Figure 8b), suggesting that they were dopaminergic.
However, not all DAO-positive neurons were TH-positive, and similarly, not all TH-positive
neurons were DAO-positive (Figure 7c, Figure 8c). Taken together, these findings
suggested that DAO was expressed in, but not confined to, TH-positive neurons in the

adult rat VTA.

When VTA sections were incubated with both a DAO antibody and a GFAP antibody, the
two signals were shown to colocalise (Figure 9, Figure 10). This suggested that DAO was

also expressed in astrocytes in the adult rat VTA, and was not confined solely to neurons.
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Figure 6. DAO mRNA expression in the adult rat VTA, detected using ISHH with a T7
antisense riboprobe, and a corresponding SP6 sense riboprobe (inset).
Magnification 20x.Granule clusters can be seen over putative neurons with the T7 probe.
Arrows indicate examples of clustering. Despite some background signal, there is no clear
clustering with the SP6 sense probe, demonstrating little non-specific binding of the
riboprobes.
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Figure 7. Expression of DAO (green, panel A), TH (red, panel B) and the two
combined (panel C) in a coronal section taken from the adult rat VTA. Magnification
40x. Arrow indicates an example of a putative neuron clearly expressing both DAO and
TH.
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Figure 8. Expression of DAO (green, panel A), TH (red, panel B) and the two
combined (panel C) in a coronal section taken from the adult rat VTA. Magnification
40x. Arrow indicates an example of a putative neuron clearly expressing both DAO and
TH. Examples of DAO-positive neurons not expressing TH (left of picture), and TH-
positive neurons not expressing DAO (right of picture), are also clearly visible.
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Figure 9. Expression of DAO (green, panel A), GFAP (red, panel B) and the two
combined (panel C) in a putative astrocyte in a coronal section taken from the adult
rat VTA. Magnification 63x. Clear colocalisation is visible.
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Figure 10. Expression of DAO (green, panel A), GFAP (red, panel B) and the two
combined (panel C) in a putative astrocyte in a coronal section taken from the adult
rat VTA. Magnification 63x. Clear colocalisation is visible.
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2.4.3 Expression of DAO in the adult cerebellum

Upon inspection of coronal cerebellar sections incubated with an ISHH T7 antisense
riboprobe for DAO and dipped in photographic emulsion, clusters of granules could be
seen in the Purkinje cell layer (Figure 11). This suggested that DAO mRNA expression
was concentrated in the Purkinje cell layer of the cerebellum. Incubation of the sections
with an SP6 sense riboprobe revealed minimal non-specific binding (Figure 12).

When corresponding DAO protein expression was investigated using a primary C-terminal
DAO antibody and secondary fluorescence, punctate staining was seen around the
periphery of putative Purkinje cells in the coronal plane, but again not over the cell bodies
(Figure 13). No punctate staining was seen when sections were incubated with secondary

fluorescent antibody, in the absence of the DAO antibody (Figure 14).

Staining of cerebellar sections in the sagittal plane with calbindin and GFAP antibodies
(markers of Purkinje cells and glia, respectively) revealed clear enveloping of Purkinje
cells with glial processes (Figure 15, inset), which then extended in a linear and parallel
fashion into the molecular layer. When the DAO expression was investigated in sections
taken in the sagittal plane, punctate staining was again visible around the periphery of the
Purkinje cells (but not over the cell bodies), and also in linear processes projecting into
the molecular layer (Figure 16). Staining with GFAP and DAO antibodies then showed
colocalisation of DAO and GFAP expression round the periphery of Purkinje cells in the
same location as the glial ‘envelopes’ [Figure 17 (inset), Figure 18], and also along

apparent linear glial processes in the molecular layer (Figure 17).

Together, these results suggest that DAO is not expressed in the cell bodies of Purkinje
cells; rather, that expression occurs in glia surrounding the Purkinje cells, and extends

into glial processes in the molecular layer.
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Figure 11. DAO mRNA expression in the adult rat cerebellum, detected using ISHH.
A T7 antisense riboprobe was used to probe the section. Magnification 20x. Granule
clusters are concentrated in the Purkinje cell layer (P), with little clustering in the
molecular (M) and granule cell (G) layers.
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Figure 12. A section taken from the adult rat cerebellum, incubated with an SP6
sense ISHH riboprobe. Magnification 20x. No clear granule clusters are visible,
demonstrating very little non-specific binding of the riboprobes. G=granule cell layer,
M=molecular layer, P=Purkinje cell layer.

49



Chapter 2: Regional and cellular expression of DAO

Figure 13. DAO expression in a coronal section from the adult rat cerebellum,
detected using a primary C-terminal DAO antibody and secondary fluorescence.
Magnification 40x. Punctate staining is seen around the periphery of Purkinje cells (see
inset), but not over Purkinje cells themselves. G=granule cell layer, M=molecular layer,
P=Purkinje cell layer.
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Figure 14. A coronal section from the adult rat cerebellum, incubated with a
secondary fluorescent antibody, but in the absence of the primary DAO C-terminal
antibody. Magnification 40x. No punctate staining is seen. G=granule cell layer,
M=molecular layer, P=Purkinje cell layer.
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Figure 15. A sagittal section of adult rat cerebellum showing expression of
calbindin (green) and GFAP (red), for reference. Magnification 40x. Purkinje cells can
be clearly seen (green), along with their extensive arborisations in the molecular layer
(M). GFAP labelling shows some clear enveloping of Purkinje cells by glial processes
(inset). These processes are then seen to continue in a linear and parallel fashion through
the molecular layer. G=granule cell layer, M=molecular layer, P=Purkinje cell layer.
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Figure 16. DAO expression in a sagittal section taken from the adult rat cerebellum.
Magnification 40x. Punctate staining is seen around the periphery of Purkinje cells, and
along linear processes in the molecular layer, but not over Purkinje cells themselves.
G=granule cell layer, M=molecular layer, P=Purkinje cell layer.
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Figure 17. DAO (green) and GFAP (red) expression in a sagittal section of the adult
rat cerebellum. Magnification 40x. Punctate DAO staining is again seen around the
periphery of putative Purkinje cells (which are unmarked), seemingly colocalising with
GFAP expression (inset). DAO expression also appears visible along linear glial
processes in the molecular layer (M). G=granule cell layer, M=molecular layer, P=Purkinje
cell layer.
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Figure 18. DAO (green) and GFAP (red) expression in a sagittal section taken from
the adult rat cerebellum. Magnification 63x. Punctate DAO staining is again seen
around the periphery of Purkinje cells, seemingly colocalising with GFAP expression.
G=granule cell layer, M=molecular layer, P=Purkinje cell layer.
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2.4.4 Expression of DAO in the developing cerebellum

Inspection of films incubated with ISHH-probed sections from the rat cerebellum at P56
revealed DAO mRNA expression in the granule cell layer, with particularly dense staining
in the Purkinje cell layer, when the section was probed with an antisense T7 riboprobe
(Figure 19a). No specific marking of DAO mRNA was visible in sections incubated with a

sense SP6 riboprobe (Figure 19b).

Quantification of the ISHH signal at ages P7, P21 and P56 revealed a significant increase
in DAO mRNA expression over time (Figure 20). There was a main effect of age on DAO
MRNA signal in the cerebellum [F(2,9)=7.457, p=0.012]. Bonferroni post-hoc testing
revealed a significant difference between DAO expression at P7 and P21 (p=0.018), and

P7 and P56 (p=0.042), but not between P21 and P56 (p=1.000).
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A)

B)

Figure 19. Example sections from the rat cerebellum at P56 probed with a T7
antisense ISHH probe (A) and an SP6 sense probe (B). (A) DAO mRNA expression is
seen in the granule cell layer, with particularly dense staining in the Purkinje cell layer. (B)
No specific marking of DAO mRNA is visible. G=granule cell layer, M=molecular layer,
P=Purkinje cell layer.
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Figure 20. DAO expression in the Purkinje cell layer of the developing rat
cerebellum, as measured by ISHH. Plot shows mean with S.E.M., n=4 in each group.

*p<0.05.
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2.5 Discussion

In this chapter, several key findings were demonstrated with regard to the expression of
DAO in the rat brain at both the regional and cellular level. Firstly, DAO was expressed in
the adult rat VTA, in both TH-positive and TH-negative neurons, as well as in astrocytes.
Secondly, DAO was expressed predominantly in glia in the adult rat cerebellum, and
appeared not to be expressed in Purkinje cells, but rather in the glial processes
enveloping the Purkinje cell bodies and extending into the molecular layer. Finally, the
expression of DAO mRNA changed during development of the rat cerebellum, increasing
with time and inversely correlating with the levels of D-serine previously recorded (Schell

et al., 1997).

In the first study of this chapter, the presence of both DAO mRNA and protein were
demonstrated in the adult rat VTA, using ISHH and immunofluorescence, respectively.
DAO protein was shown in three cell types in the VTA; TH-positive neurons, TH-negative
neurons, and astrocytes. This is the first known study to date to confirm the expression of
DAO in the rat VTA, and to explore its cellular localisation therein. These results are
physiologically interesting in the context of the VTA as the source of the mesocortical and
mesolimbic DA pathways in the brain, and the potential association with schizophrenia.
Dopaminergic output from the VTA is regulated by NMDA receptors (Bennett and Gronier,
2007), and as such, it is conceivable that D-serine, and its regulation by DAO, plays a
pivotal role in the modulation of these VTA receptors, culminating in the modulation of
mesocortical and mesolimbic DA function. DAO expression and activity has been reported
to be increased in some (though not all) brain regions in schizophrenia (Kapoor et al.,
2006; Verrall et al., 2007; Burnet et al., 2008; Madeira et al., 2008), and D-serine levels
are reduced in serum and cerebrospinal fluid (Hashimoto et al., 2003; Hashimoto et al.,
2005b). Although DAO activity in the VTA has yet to be directly demonstrated, and any

activity changes in schizophrenia in the region not yet investigated, it is conceivable that
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insufficient activation of VTA NMDA receptors as a result of increase DAO expression and
reduced D-serine levels may contribute to the mesocortical and mesolimbic DA
dysfunctions seen in the disorder. As such, the expression of DAO in the VTA may
provide a potential link between DAO activity, NMDA receptor hypofunction and DA

system dysregulation in schizophrenia.

DAO immunoreactivity was demonstrated in both neurons and glia in the VTA in this
chapter. This is one of few studies to report the expression of DAO in neurons as well as
glia, and provides support for the notion that DAO is not an exclusively glial enzyme.
However, it may not necessarily be considered surprising that DAO is also expressed in
neurons, given that Asc-1, the major D-serine transporter, is expressed predominantly in
neurons (Helboe et al., 2003), whereas Asc-2, another D-serine transporter, has been
reported to be expressed in both neurons and glia (Dolinska et al., 2004; Gliddon et al.,
2009). It is conceivable that both transporters are active in the uptake of D-serine in the
VTA, and that DAO is present and active in both neurons and glia, serving to metabolise

D-serine in either compartment.

However, the current studies of DAO expression in the adult rat cerebellum, both in terms
of MRNA and protein, consistently revealed DAO signal in glia, but not in neurons. This is
in accordance with numerous other studies, and was first reported 35 years ago (Gaunt
and de Duve, 1976). DAO positivity has since been repeatedly reported in glia in the
cerebellum, which have largely been assigned to be putative Bergmann glia (Weimar and
Neims, 1977b; Weimar and Neims, 1977a; Horiike et al., 1987; Verrall et al., 2007; Ono et
al., 2009; Moreno et al., 1999). This has been based on their location surrounding
Purkinje cells, since Bergmann glia have their cell bodies in the Purkinje cell layer. They
also feature radial processes which extend into the molecular layer, and indeed, DAO
signal has been repeatedly reported in ascending parallel processes of putative

Bergmann glia in the molecular layer (Weimar and Neims, 1977b; Horiike et al., 1987;
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Verrall et al., 2007; Moreno et al., 1999). These studies have used a range of techniques,
including ISHH, immunohistochemistry and coupled peroxidation, and all seem to point to
the same conclusion; that DAO is glial in the cerebellum, which the current findings
support. The only known study with which these results do conflict is by Moreno and
colleagues (1999), who reported immunoreactivity in Golgi and Purkinje cells of the rat
cerebellum (Moreno et al., 1999). They did, however, also describe ‘intense positivity’ in
Bergmann glia, and positively stained Bergmann glial processes in the molecular layer.
The antibody used in this study has since come into question, as it has subsequently
been suggested to cross-react with D-aspartate oxidase (Shleper et al., 2005), which is
expressed in Purkinje cells (Zaar et al., 2002). Given the striking number of other studies
using different techniques all showing expression in Bergmann glia but not Purkinje cells,
this seems a viable explanation for the contrasting results reported in the Moreno paper.
Laying this study aside, therefore, the data collected in this chapter support previous
findings that DAO is expressed in glia in the cerebellum, and not in Purkinje cells.
However, it must be noted that none of the imaging performed in this chapter used a
confocal microscope, and so whereas signals of immunoreactivity may appear to
colocalise, this has not been unequivocally proven. Furthermore, although one can
hypothesise that the expression is in Bergmann glia, based on the location of the signal,

this again has not been definitively shown.

In the final study of this chapter, levels of DAO mRNA expression in the cerebellum
increased from P7—P56, with adult levels being reached by P21 (Figure 20). This increase
is consistent with existing data on the concentrations of D-serine present in the rat
cerebellum; there is a decrease in D-serine over time from P12 onwards, reaching
undetectable levels by P26 (Schell et al., 1997). Similarly in the mouse cerebellum, no
DAO activity was detected until P12, after which it increased dramatically, reaching adult

levels at P49 (Wang and Zhu, 2003). Conversely, high levels of D-serine were observed

61



Chapter 2: Regional and cellular expression of DAO

at P7, but there was a dramatic decline after P12, reaching trace levels by P17 (Wang
and Zhu, 2003). As such, the two appear to vary reciprocally, suggesting that increasing
DAO expression through development may serve to limit D-serine levels. However,
several factors may potentially confound the developmental mMRNA expression data
collected in this chapter. Firstly, no normalisation factor has been applied to the
measurements. It must be taken into consideration that no other cerebellar mRNAs have
been measured concurrently, and thus one cannot rule out the possibility that all
cerebellar mRNAs increase during development, and it is not specific to DAO.
Furthermore, no consideration has been made of the relative cell densities in the
cerebellar sections at different ages. It is possible that the reported increase in mRNA
expression merely reflects an increase in cell density with age, and not a change in

expression of mMRNA itself.

It is interesting to consider, however, the potential importance of changing DAO
expression in cerebellar glia, especially putative Bergmann glia, and the role it may have
in NMDA receptor modulation and development. NMDA receptors are essential for
healthy synapse formation in the cerebellum, as demonstrated by connectivity studies
using NMDA receptor blockers (Rabacchi et al., 1992), but they are absent from Purkinje
cells in the adult cerebellum (Garthwaite et al., 1987), and D-serine is undetectable
(Schell et al., 1997). Given the close proximity of the Bergmann glia and Purkinje cell
body, it is attractive to assume that the expression of DAO in the Bergmann glia functions
to control the levels of D-serine at the Purkinje cell synapse, and hence to modulate
NMDA receptor function during synaptogenesis. Once development is complete, DAO
levels are high, keeping D-serine levels low, and NMDA receptors become obsolete.

It is also interesting to consider the relevance of DAO reactivity being observed in glial
processes in the molecular layer in the cerebellum, both in the current study and in

several others, including during development (Weimar and Neims, 1977b; Horiike et al.,
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1987; Verrall et al., 2007; Moreno et al., 1999). Schell and colleagues (1997) reported the
presence of D-serine-producing radial processes of Bergmann glia in the molecular layer
from around P7 (Schell et al., 1997). This coincides with the migration of granule cells to
the internal granule cell layer along processes of the Bergmann glia, a process which is
known to be dependent on NMDA receptors (Komuro and Rakic, 1993). Schell and
colleagues thus proposed D-serine as a strong candidate for the regulation of NMDA
receptor glycine sites involved in the migration of granule cells. It is therefore possible that
DAO expression in Bergmann glial processes may serve to limit the D-serine activity here
once the migration process is complete.

It is also possible that the changing levels of DAO and D-serine during development serve
to modulate other receptors, as well as NMDA receptors. Recently, a study was published
by Kakegawa and colleagues which considered the role of D-serine in binding to the d2-
type glutamate receptor (GluD2, encoded by Grid2), a member of the ionotropic
glutamate receptor (iGIuR) family, rather than to the NMDA receptor (Kakegawa et al.,
2011). This receptor is selectively expressed in Purkinje cells of the cerebellum, and
crystallographic studies have shown the ability of D-serine to induce closure of the ligand-
binding domain of GluD2 (Naur et al., 2007), suggesting a role for D-serine in the
modulation or activation of the receptor. This is interesting when considering that the
receptor appears to have crucial roles in cerebellar functioning; indeed Grid2-null mice
display severe impairments in motor coordination and impaired long term depression
(LTD) at synapses between Purkinje cells and parallel fibres (Kashiwabuchi et al., 1995).
It is therefore conceivable that the high levels of D-serine seen in the immature rat
cerebellum have a pivotal role in signalling through GluD2 to regulate, for example, the
induction of LTD. Indeed, the authors used a transgenic rescue approach to investigate
the importance of D-serine binding to the receptor, and found that in mice with disrupted
binding, motor dyscoordination and impaired LTD were present during development

(Kakegawa et al., 2011). As such, it seems that D-serine, and its regulation by DAO, may
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not only be important for NMDA receptor-related developmental processes, but also those

of other receptor types.

In summary, this chapter has generated some interesting findings with regard to the
regional and cellular expression of DAO in the rat brain. Perhaps most notably, both DAO
MRNA and protein were expressed in the adult VTA, in both neurons and glia. This
finding may provide a potential physiological link between high DAO activity and
dysfunctional mesocortical and mesolimbic DA signalling seen in schizophrenia. The
cellular expression of DAO appears to be region-specific, with the enzyme appearing to
be present in both neurons and glia in the VTA, but only glia in the cerebellum. Finally,
changing levels of DAO in the cerebellum during development may serve to temporally
regulate D-serine levels, controlling important developmental processes such as granule

cell migration and synaptogenesis.
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Chapter 3:
The effect of systemic pharmacological
manipulation of D-serine on
extracellular DA and its metabolites in

the PFC

65



Chapter 3: Systemic D-serine manipulation and PFC DA

3.1 Background

In schizophrenia, there is evidence that DAO expression and activity in the brain are
increased (Kapoor et al., 2006; Verrall et al., 2007; Burnet et al., 2008; Madeira et al.,
2008), and D-serine levels in the serum and cerebrospinal fluid are decreased
(Hashimoto et al., 2003; Hashimoto et al., 2005b). Therapeutically this is very interesting,
as increasing D-serine levels and augmenting NMDA receptor function could potentially
be of benefit. Indeed, some clinical trials with D-serine as an add-on treatment have
shown a favourable effect, including relief of negative and cognitive symptoms (Coyle et
al., 2002; Javitt, 2006; Kantrowitz et al., 2010; Heresco-Levy et al., 2005). Given that
these symptoms currently remain poorly treated, D-serine therapy may therefore be very
relevant. However, large doses of D-serine are required to induce therapeutic effects,
which may cause nephrotoxicity (Krug et al., 2007). Other pharmacological strategies
aimed to increase levels of synaptic D-serine have been the focus of recent studies. As
such, DAO inhibitors are becoming attractive candidates for increasing D-serine levels in

the treatment of schizophrenia.

Some pre-clinical studies have investigated DAO inhibitors for their potential effects.
Adage and coworkers (2008) investigated the potential antipsychotic effects of the
selective DAO inhibitor AS057278 in preclinical models (Adage et al., 2008). The inhibitor
normalised PCP-induced prepulse inhibition, both after acute and chronic dosing, and
also attenuated PCP-induced hyperlocomotion after chronic administration. These results
provided support for the antipsychotic potential of DAO inhibitors. However, these findings
contrasted with those of another study which focused on the effects of the DAO inhibitor
4H-Thieno [3,2-b]pyrrole-5-carboxylic Acid (Compound 8) in comparison with D-serine
(Smith et al.,, 2009). Acute administration of Compound 8 had no effect on either
amphetamine-induced locomotor activity or MK-801 impaired novel object recognition in

rats, although D-serine significantly reduced the effects of both amphetamine and
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MK-801. The authors concluded that increased D-serine in the brain in vivo produces
antipsychotic effects and enhances cognition, presumably via augmentation of NMDA
receptor function. However, they speculated that the elevation in D-serine achieved by
acute DAO inhibition alone would be insufficient, and propose chronic DAO inhibition as a
way to more robustly increase D-serine levels.

Together, these two studies provide complementary evidence that increasing D-serine in
vivo may have both antipsychotic and cognitive-enhancing effects. However, whether or
not the elevation of brain D-serine achieved by acute DAO inhibition is sufficient remains

unclear.

The negative and cognitive symptoms of schizophrenia are thought to originate from the
PFC, with hypofunction of the mesocortical dopaminergic pathway being a major
contributor (Davis et al., 1991). The improvements in these symptoms seen with D-serine
therapy may therefore be mediated via enhanced dopaminergic transmission in the
mesocortical pathway. However, at the time of conception of this thesis, the effect of
pharmacological D-serine elevation on cortical DA had not been investigated. Having said
that, one preclinical study assessed the effects of DAO inhibition or D-serine
administration on the mesolimbic DA pathway, and measured extracellular DA levels in
the nucleus accumbens shell using in vivo microdialysis. Administration of D-serine
significantly attenuated amphetamine-induced DA efflux, whereas administration of a
DAO inhibitor had no effect, despite increasing brain D-serine levels (Smith et al., 2009).
These data supported the notion that modulation of NMDA receptors can affect the
function of the mesolimbic DA pathway. However, it appears that acute systemic

administration of a DAO inhibitor alone may be insufficient to affect DA.
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Overall, the data suggest that D-serine administration, and perhaps DAO inhibition, has
the potential to modulate DA pathways and thereby have a beneficial effect on cognitive
and negative symptoms in patients with schizophrenia. However, the effect of D-serine on
the mesocortical DA pathway is unknown. This chapter set out to investigate the effects of
systemic administration of D-serine and a DAO inhibitor on extracellular DA and its

metabolites in the medial PFC (mPFC), as measured using in vivo microdialysis.

3.2 Summary and aims

The aim of this study was to investigate the effect of systemic administration of D-serine
and a DAO inhibitor on extracellular levels of DA and its metabolites in the mPFC in vivo.
In vivo microdialysis coupled with high-performance liquid chromatography (HPLC) was
used to measure levels of DA and its metabolites in the mPFC of anaesthetised rats.
First, pilot studies using local infusions of high potassium and systemic injection of
amphetamine were carried out in order to validate the experimental method. Then, the
effects of systemically administered D-serine and sodium benzoate (a DAO inhibitor) were
investigated. Levels of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) and the
noradrenaline metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) were also measured
to assess the potential effects of the D-serine treatment on the other monoamine

systems.

68


http://en.wikipedia.org/wiki/3-Methoxy-4-hydroxyphenylethylene_glycol�

Chapter 3: Systemic D-serine manipulation and PFC DA

3.3 Methods

3.3.1 Invivo microdialysis

Adult male Sprague-Dawley rats (Harlan, UK) were anaesthetised with chloral hydrate
(500mg/kg i.p.) and mounted in a stereotaxic frame in the flat skull position. Anaesthesia
was maintained with 20-40mg i.p. doses of chloral hydrate, and body temperature
monitored and maintained at 36-37°C. Hydration was maintained using 0.5ml s.c.
injections of 4% glucose in 0.18% saline as required. A hole was made in the skull using a
dental drill (Foredom®, Bethel, USA) and an intracerebral guide cannula (CMA/11,
CMA/Microdialysis AB, Stockholm, Sweden) was implanted into the PFC at the following
coordinates relative to bregma: ML +0.6mm; AP +3.2mm; DV -2.0mm (from dura),
according to the rat brain atlas of Paxinos and Watson (1998). The guide cannula was
secured using a cranial screw (2mm, Royem Scientific, Luton, UK) and dental cement
(Simplex Rapid™, Kemdent®, Swindon, UK). A commercial microdialysis probe
(CMA/11, 2mm membrane, CMA/Microdialysis AB, Stockholm, Sweden) was then
introduced into the guide cannula and perfused with artificial CSF (containing 140.0mM
NaCl, 3.0mM KCI, 1.2mM Na,HPO,.2H,0, 0.27mM NaH,PO,.H,0, 1.0mM MgCl,.6H,0,
2.4mM CacCl, and 7.2mM glucose) at a flow rate of 1ul/min. Samples were collected every
20 minutes in small tubes containing 5ul of 0.1M perchloric acid, analysed immediately
using HPLC. Samples were collected until a stable baseline was achieved (typically 2—3

hours), before any drugs were administered.
First, several pilot studies were carried out. The following substances were administered:

e 100mM potassium (K*; local, administered in the aCSF via the probe) followed by

amphetamine (1.5mg/kg s.c.; n=1)

e 100mM K, followed by local calcium (Ca?") depletion (achieved via perfusing

aCSF containing no CacCl,), and then further K* (100mM; n=1)
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Subsequently, the main experiments were performed:

o D-serine (1280mg/kg s.c.) plus sodium benzoate (500mg/kg i.p.) dissolved in 0.9%

NaCl (n=5)

e 0.9% NaCl (5ml/kg s.c. plus 2ml/kg i.p.; n=5).

Following drug administration, samples were collected every 20 minutes for a further 4
hours in each case (in the main study; shorter time durations for pilot studies), before the
animals were euthanased and the brains harvested. Probe placements were checked

histologically, and data from any placed incorrectly excluded from the analysis.

3.3.2 Localisation of cannula and probe placement
Figure 21 shows a schematic representation of expected probe placements. Each
individual brain was histologically assessed for placement accuracy, and the data from

those not matching this schematic removed from the analysis.
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Figure 21. Schematic representation of observed mPFC probe placement in
sections of brain taken from animals used for microdialysis. Brain atlas images taken
from Paxinos and Watson, 2007.

3.3.3 Drug preparation and dosing

Given the possibility that acute administration of a DAO inhibitor alone is unable to
produce physiologically relevant increases in D-serine levels (Smith et al., 2009), both a
DAO inhibitor and exogenous D-serine were administered together in order to produce
the largest increase in central D-serine possible. Sodium benzoate was selected as the
DAO inhibitor, since it has been described as a ‘prototypical competitive DAO inhibitor’
(Vanoni et al., 1997; Gong et al., 2011). Furthermore, it is both soluble and commercially

available.

71



Chapter 3: Systemic D-serine manipulation and PFC DA

3.3.3.1 D-serine

Smith and colleagues (2009) used several subcutaneous doses of D-serine in their
studies — 320, 640 and 1280mg/kg. The dose of 1280mg/kg dose was selected for the
current study as it was shown by Smith to be able to both attenuate amphetamine-
induced psychomotor activity and reverse MK-801 impaired novel object recognition.
Moreover, this dose was shown to attenuate amphetamine-induced DA efflux in the
nucleus accumbens shell (Smith et al., 2009). D-serine was dissolved in 0.9% NaCl and

administered subcutaneously at 5ml/kg.

3.3.3.2 Sodium benzoate

In a detailed study of the effects of sodium benzoate on D-serine-induced renal toxicity in
the rat, Wiliams and colleagues (2005) noted that sodium benzoate administered
intraperitoneally at 500mg/kg produced the greatest mean inhibition of peripheral DAO
activity, while producing only mild perturbations in diuresis and levels of urea (which were
prominent in higher doses; Wililams and Lock, 2005). Furthermore, Moses and co-
workers (1996) investigated the effects of systemic sodium benzoate on circling behaviour
induced by L- and D-DOPA in the hemi-parkinsonian rat (Moses et al., 1996). Circling in
this model is believed to be a result of L-DOPA conversion to DA (although D-DOPA can
also produce circling). DAO is required for the conversion of D-DOPA to L-DOPA, and so
the authors hypothesised that circling induced by D-DOPA could be prevented with
inhibition of DAO. Indeed, a dose of 400mg/kg sodium benzoate completely blocked
rotation induced by D-DOPA. This suggests that sodium benzoate is able to inhibit DAO-
mediated processes in the brain in vivo, and that these effects can be seen when a
systemic dose of 400mg/kg is given. Taking these two results together, 500mg/kg was
selected as the sodium benzoate dose for the current study, in order to be confident that

the dose would have a central effect, while trying to maximise the inhibition of DAO and
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minimise renal problems. The sodium benzoate was dissolved in 0.9% NaCl and

administered at 2ml/kg.

3.3.4 Analysis of DA and monoamine metabolites using HPLC

High performance liquid chromatography coupled with electrochemical detection was
employed to analyse the samples. Samples (25ul) were injected onto a Dynamax
microsorb column (100 x 4.6mm, 100-3 C18, Varian Inc, Middelburg, The Netherlands)
and mobile phase containing 15% methanol, 0.12M NaH,PO,4.H,0O, 0.002M NaCl, 0.1mM
ethylenediaminetetraacetic acid (EDTA) and 0.5mM 1-octanesulphonic acid sodium salt
(OSA; overall pH4.17) pumped through the column at a rate of 1ml/min (JASCO PU-1585
Intelligent HPLC Pump, JASCO, Essex, UK). A VT-03 electrochemical flow cell with a
2mm glassy carbon (GC) working electrode and in situ Ag/AgCIl (ISAAC) reference
electrode (Antec Leyden, ARC Sciences, Hampshire, UK) was used to analyse the
column eluate. Electrode settings were as follows: voltage=+0.6V, range=5nA, filter= 0.5s.
JASCO ChromPass Chromatography Data System software was used to plot the
chromatograms and analyse the data; Figure 22 shows an example chromatogram of a

25ul sample taken from the mPFC of an anaesthetised rat.

Drug effects were measured on prefrontal levels of DA, and the DA metabolites DOPAC
and HVA were also monitored for assessment of DA metabolism. The 5-HT metabolite
5-HIAA and the noradrenaline metabolite MHPG were also monitored for comparison.
Analyte peaks were measured and quantified when the signal to noise ratio exceeded a

value of 2.
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Figure 22. Example chromatogram of a 25ul sample taken from the mPFC of an anaesthetised rat. Peak heights are compared with
those of the reference standards, and quantities of each molecule calculated. Magnified box demonstrates relative sizes of DOPAC and DA

peaks.
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3.3.5 Measurement of brain D-serine

The brains from the animals used for microdialysis were harvested at the end of each
experiment, and the tissue D-serine levels were measured. Measurements were
performed in the cerebellum, which is rich in DAO, and also in the PFC, where DAO

levels are much lower.

Half the cerebellum (cut in the coronal plane) and the left PFC (contralateral to probe
placement) were weighed and homogenised in 500ul iced water, and the supernatant was
extracted following centrifugation for 1 minute. Protein concentration was then measured
using a spectrophotometer (NanoDrop® ND-1000, LabTech International). The
supernatant from the cerebellum was diluted to 5mg/ml in 100ul. All PFC supernatant was
run at its original concentration without further dilution. D-serine standards were made up

by serial dilution from 2—0.016nmol/ml in PBS containing 0.2mg/ml BSA.

25l glutaraldehyde was added to 100ul of each supernatant, or D-serine standards. The
solutions were mixed thoroughly and 50ul duplicates added to an ELISA plate. After a 2-
hour incubation at room temperature, wells were washed five times with PBS and air
dried. Non-specific binding sites were blocked by incubation of the wells with blocking
buffer (2% non-fat milk in PBS, 50ul) for 30 minutes at room temperature, followed by
three washes with PBST (PBS + 0.1% Tween20). Rabbit polyclonal primary antibody to
D-serine (Abcam ab6472-50) was diluted 1:500 in PBS containing 1% BSA and 50ul
added to each well for a 1 hour incubation. Following three washes with PBST, HRP-
linked goat anti-rabbit IgG (BioRad 172-1019) at 1:2000 was added for 25 minutes. The
wells were washed a further three times in PBST. A colorimetric reaction was initiated by
the addition of 50ul ABTS to each well and was stopped after 8 minutes by the addition of
50ul 4% oxalic acid. The plate was measured using a spectrophotometer (SpectraMax
190, Molecular Devices Ltd) at 415nm.

Pilot experiments were carried out to determine optimal reagent concentrations.
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3.3.6 Data analysis

Statistical analyses of microdialysis were carried out using SPSS software (version 17.0).
A repeated measures ANOVA was performed to assess the effects of time and drug on
DA, DOPAC, HVA, 5-HIAA and MHPG dialysate levels (relative to baseline). Simple main
effects tests were then carried out if the ANOVA was significant. Time points were

included from time point 20 onwards.

Analysis of brain D-serine levels in animals was also carried out using SPSS software

(version 17.0), using a univariate ANOVA to compare levels between treatment groups.
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3.4 Results: Part 1

3.4.1 Pilot study: Effect of local K+ application and amphetamine injection on
extracellular levels of DA and its metabolites in the mPFC

Upon infusion of potassium (100mM) into the mPFC via the probe perfusate, there was a
large increase in extracellular levels of DA in the mPFC, occurring within 20 minutes of
the infusion (Figure 23). This was accompanied by a decrease in levels of both DOPAC
and HVA, again within 20 minutes. After the potassium infusion was removed, DA levels
returned to baseline after a further 40 minutes. Levels of DOPAC and HVA, however,

remained reduced, and did not return to baseline.

Subsequent administration of amphetamine (1.5mg/kg s.c.) resulted in another increase
in levels of extracellular DA in the mPFC, peaking 40 minutes after administration (Figure
23). This was accompanied by a small and progressive decrease in DOPAC and a small

decrease in HVA after the first hour.
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Figure 23. Effect of local K™ application and amphetamine injection on extracellular
levels of DA and its metabolites in the mPFC. Time 0 represents the time point at
which the baseline was stable. Bar represents K" administration via probe perfusate, and
arrow represents the time of amphetamine injection (1.5mg/kg s.c.).
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3.4.2 Pilot study: Effect of local K" application and Ca** depletion on extracellular
levels of DA and its metabolites in the mPFC

Local application of K* (100mM, via the probe perfusate) resulted in an increase in levels
of extracellular DA in the mPFC, detectable within the first 20 minutes after the onset of
infusion (Figure 24). This was accompanied by decreases in levels of both DOPAC and

HVA, which were also visible within the first 20 minutes.

Once the K" was removed, DA levels decreased, returning to baseline within 40 minutes.
Levels of DOPAC and HVA also began to recover, although did not return to baseline
levels, and remained reduced by around 50%. Omission of Ca®* from the aCSF resulted
in a further decrease in extracellular levels of DA, but had no apparent effect on levels of
DOPAC or HVA. Further application of K*, while maintaining a depletion of Ca*, resulted
in an increase in levels of DA, although to a lesser extent than when calcium levels were
normal. This was once again accompanied by a decrease in levels of DOPAC and HVA.

All changes were visible within 20 minutes of the application of K* (Figure 24).
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Figure 24. Effect of local K* application and Ca?" depletion on extracellular levels of
DA and its metabolites in the mPFC. Time O represents the time point at which the
baseline was stable. Bars represent length of time over which substances were
administered or depleted. All substances were administered locally via the probe
perfusate.
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3.4.3 Effect of systemic administration of D-serine and sodium benzoate on levels
of D-serine in the cerebellum

Systemic administration of D-serine and sodium benzoate resulted in a significant
increase in D-serine levels in the cerebellum when compared with vehicle controls

[F(1,4)=11.893, p=0.026; Figure 25].
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Figure 25. Effect of systemic administration of D-serine and sodium benzoate on
cerebellar levels of D-serine. Plot shows mean + S.E.M., n=3 in each group. *p<0.05.
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3.4.4 Effect of systemic administration of D-serine and sodium benzoate on
extracellular levels of DA and its metabolites in the mPFC

Table 5 shows the average raw baseline levels of DA, DOPAC, HVA, 5-HIAA and MHPG
found in the final three baseline dialysis samples collected in each group before
administration of either D-serine and sodium benzoate or vehicle (0.9% NacCl). Statistical
analysis revealed no difference between baseline levels of DA, HVA, 5-HIAA or MHPG
between the two treatment groups, but a statistically significant difference between levels

of DOPAC in the two groups (p = 0.044).

Treatment DA DOPAC HVA 5-HIAA MHPG
Group
D;SOedri'Sr?] * | 0.010+0.001 | 0.180+0.027 | 1.182+0.376 | 2.232+0.347 | 0.213 +0.103
benzoate (n=5) (n=5) (n=5) (n=5) (n=5)
Vehicle 0.016 +0.003 | 0.776+0.207 | 1.928+0.391 | 4.775+1.665 | 0.500 + 0.162
(0.9% NaCl) (n=5) (n=5) (n=5) (n=5) (n=5)

Table 5. Raw baseline levels of DA, DOPAC, HVA, 5-HIAA and MHPG in dialysates
from the mPFC. Values given are mean + S.E.M. (pmol) in each treatment group, and
are calculated from the final three baseline samples collected from each animal before
any drugs were administered.

Systemic administration of D-serine and sodium benzoate had no effect on extracellular
levels of DA in the mPFC [effect of drug F(1,8)=2.824, p=0.131; effect of time
F(11,88)=0.669, p=0.764; drug x time interaction F(11,88)=0.630, p=0.7995; Figure 26].
There was also no significant main effect of drug on levels of DOPAC [F(1,8)=3.841,

p=0.086]. However, there was a significant effect of time on DOPAC levels

[F(11,88)=1.998, p=0.038] and a significant drug x time interaction [F(11,88)=2.888,
p=0.003]. Individual analysis of the two groups for the main effects of time revealed a

significant effect in the D-serine and sodium benzoate treatment group
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[F(11,44)=2.486, p=0.016] that was not seen in the vehicle group [F(11,44)=1.854,
p=0.073]. This demonstrates that the significant drug x time interaction is driven by a clear
increase in DOPAC levels over time seen in the treatment group that is not seen in the

vehicle control group (Figure 26).

There was no effect of treatment on extracellular levels of HVA in the mPFC [effect of
drug F(1,8)=0.077, p=0.789]. However, there was a significant effect of time
[F(11,88)=2.015, p=0.036] and an interaction between time and drug [F(11,88)=2.009,

p=0.037], although simple main effects revealed no significant time points (Figure 26).

Systemic administration of D-serine and sodium benzoate had no effect on extracellular
levels of 5-HIAA in the mPFC [effect of drug F(1,8)=0.155, p=0.704; effect of time
F(11,88)=0.656, p=0.776; drug x time interaction F(11,88)=0.780, p=0.659; Figure 27].
However, the treatment resulted in a clear significant increase in levels of extracellular
MHPG in the mPFC that was not seen in the vehicle control group [effect of drug
F(1,8)=7.301, p=0.027; effect of time F(11,88)=2.143, p=0.025; drug x time interaction

F(11,88)=2.273, p=0.017; Figure 27].
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Figure 26. Effect of systemic administration of D-serine and sodium benzoate on
extracellular DA and its metabolites in the mPFC. Time point 0 indicates the time at
which the baseline was stable and systemic injection of D-serine and sodium benzoate
was administered. Points represent mean £ SEM, and are expressed as a percentage of
the final three baseline samples. Statistical analysis carried out with repeated measures
ANOVA. *p<0.05.
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Figure 27. Effect of systemic administration of D-serine and sodium benzoate on
extracellular 5-HIAA and MHPG in the mPFC. Time point O indicates the time at which
the baseline was stable and systemic injection of D-serine and sodium benzoate was
administered. Points represent mean = SEM, and are expressed as a percentage of the
final three baseline samples. Statistical analysis carried out with repeated measures

ANOVA. *p<0.05.
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3.5 Protocol refinements

Detected DA levels in the current study were low (~0.01pmol/sample), and baseline levels
of DOPAC were significantly different in the two treatment groups. This suggested that the
measurement technique used was not sufficiently accurate, and that interpretations of the
data collected may be invalid. As such, two protocol refinements were made in order to
ensure maximal sensitivity of the measurements. Then, the experiments were repeated.
First, probes were assembled in-house, and the membrane length increased to 3mm in
order to improve recovery. Second, nomifensine, an inhibitor of the DA transporter (DAT1)

and the noradrenaline transporter (NET), was added to the perfusing aCSF.

3.5.1 Addition of nomifensine

It is common practice in microdialysis studies for a reuptake blocker to be included in the
perfusing aCSF (see e.g. Fuchs and Hauber, 2004). This is in order to ensure that any
subtle changes in the neurotransmitter levels are detected before the transporters remove
the molecules from the extracellular space. In most brain regions, DA undergoes reuptake
via DATL1. However, in the PFC, DAT1 is only expressed in very low levels, and instead
DA is reuptaken by NET (Moron et al., 2002). Nomifensine was added to the perfusing a
CSF at a concentration of 3uM, in order to inhibit both transporters during the experiment,

following the protocol of Fuchs and Hauber (2004).

3.5.2 Microdialysis probes

Probes were assembled in-house. Two 40mm lengths of 40um/140um fused silica tubing
(SGE Analytical, Milton Keynes, UK) were inserted through a 22mm long 23G steel
cannula (Coopers Needleworks, Birmingham, UK) and left with approximately 10mm
protruding at each end. A 4mm long 25G steel cannula was then threaded onto each of
the lengths of the silica tubing at the top end of the long cannula, in order to form a
Y-shaped structure. One of the lengths of silica tubing (marked at the top end as the

‘outlet’) was then retracted such that it ended 3mm from the bottom end inside the long
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cannula. The three steel cannulae were then glued together using Loctite® acrylic

adhesive (RS Components, Corby, UK), and the assembled structure left to dry overnight.

The single length of silica tubing protruding from the lower end of the long steel cannula
was trimmed to approximately 2.5mm, and a short length of dialysis membrane (Filtral™
16, AN69 HF™ Hospal, Cambridgeshire, UK) was threaded over it, and continued such
that it went inside the steel cannula as far as it would go. The membrane was then
retracted 1mm and a small amount of quick set epoxy adhesive (RS Components, Corby
UK) applied at the membrane/cannula interface, before it was pushed back into place.
The adhesive was left to dry. The dialysis membrane was trimmed such that it extended
1mm beyond the end of the silica tubing, and a tiny amount of quick set epoxy adhesive

was applied to the end in order to seal it, before the whole structure was left to dry.

At the top end of the long cannula, the ‘outlet’ silica tubing was trimmed such that it just
extended beyond the small steel cannula. A 2cm length of 0.38mm/1.09mm Portex
polythene tubing (Smiths Medical, Kent, UK) was pushed over the small steel cannula,
and marked as the outlet. This was repeated with the other protruding silica tubing and
small steel cannula. Finally, the two pieces of polythene tubing were secured in place
using Loctite® acrylic adhesive (RS Components, Corby, UK). The finished probe was left

to dry overnight (as a minimum) before use.

Figure 28 shows a schematic of the assembled probe.
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Figure 28. Schematic diagram of an assembled probe made in-house. N.B. Diagram
is a representation and is not to scale.
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3.6 Results: Part 2

3.6.1 Effect of systemic administration of D-serine and sodium benzoate on levels
of D-serine in the cerebellum and PFC, in the presence of nomifensine

Systemic administration of D-serine and sodium benzoate resulted in a significant
increase in D-serine levels in both the cerebellum [F(1,12)=5.917, p=0.032] and PFC

[F(1,12)=18.845, p=0.001] when compared with vehicle controls (Figure 29).
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Figure 29. Effect of systemic administration of D-serine and a DAO inhibitor on
levels of D-serine in (A) PFC and (B) cerebellum, in the presence of nomifensine.
Plot shows mean + S.E.M., n=7 in each group. *p<0.05, ***p<0.005.
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3.6.2 Effect of systemic administration of D-serine and sodium benzoate on
extracellular levels of DA and its metabolites in the mPFC, in the presence of
nomifensine

Table 6 shows the average raw baseline levels of DA, DOPAC, HVA, 5-HIAA and MHPG
found in the final three baseline dialysis samples collected in each group before
administration of either D-serine and sodium benzoate or 0.9% NacCl. In both treatment
groups, 3uM was contained in the perfusing aCSF. Statistical analysis revealed no
difference between baseline levels of DA, DOPAC, HVA, 5-HIAA or MHPG between the

two treatment groups.

Treatment DA DOPAC HVA 5-HIAA MHPG
Group
D;SOedri'Sr?] * | 0.060+0.009 | 0.509+0.193 | 2.708+0.623 | 2.029+0.162 | 0.122 +0.013
benzoate (n=5) (n=6) (n=7) (n=6) (n=7)
Vehicle 0.060+0.006 | 0.480+0.140 | 2.464+0.458 | 2.332+0.243 | 0.145+0.014
(0.9% NaCl) (n=5) (n=5) (n=5) (n=5) (n=5)

Table 6. Raw baseline levels of DA, DOPAC, HVA, 5-HIAA and MHPG in the
dialysates from male Sprague-Dawley rats. Values given are mean + S.E.M. (pmol) in
each treatment group, and are calculated from the final three baseline samples collected
from each animal before any drugs were administered.

There was no detectable effect of systemic administration of D-serine and sodium
benzoate on levels of extraclleular DA in the mPFC (Figure 30), in the presence of
nomifensine. There was, however, a significant increase in extracellular levels of DOPAC,

HVA, 5-HIAA and MHPG (Figure 30, Figure 31).

Statistical analysis revealed no significant effect of D-serine and sodium benzoate
administration on levels of extracellular DA in the mPFC [effect of drug F(1,8)=0.141,
p=0.717; drug x time interaction F(11,88)=0.329, p=0.977; Figure 30]. There was a

significant effect of time on levels of DA [F(11,88)=11.020, p<0.001] that was clearly
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driven by an increase in levels of DA seen over time in both the treatment group and the

vehicle control group (Figure 30).

Administration of D-serine and sodium benzoate resulted in a significant increase in levels
of DOPAC in the mPFC that became significant after 40 minutes, but was not seen in the
vehicle control group [effect of drug F(1,9)=31.275, p<0.001; effect of time
F(11,99)=22.625, p<0.001; drug x time interaction F(11,99)=20.270, p<0.001; Figure 30].
There was also a significant increase in mPFC levels of HVA in the treatment group that
was not seen in the vehicle control group [effect of drug F(1,10)=13.193, p=0.005; effect
of time F(11,110)=6.715, p<0.001; drug x time interaction F(11,110)=13.036, p<0.001;
Figure 30], although this increase did not become significant until 100 minutes after

injection.

Extracellular levels of 5-HIAA were significantly increased in the treatment group, but not
in the vehicle group [effect of drug F(1,9)=20.672, p=0.001; effect of time
F(11,99)=27.247, p<0.001; drug x time interaction F(11,99)=14.596, p<0.001; Figure 31].
The effect became significant within 60 minutes of injection. Extracellular levels of MHPG
were also significantly increased in the treatment group, but not in the vehicle group
[effect of drug F(1,10)=19.782, p=0.001; effect of time F(11,110)=27.906, p<0.001; drug x
time interaction F(11,110)=16.212, p<0.001; Figure 31]. The effect became significant

within 60 minutes of injection.
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Figure 30. Effect of systemic administration of D-serine and sodium benzoate on
extracellular DA and its metabolites in the mPFC, in the presence of 3uM
nomifensine. Time point O indicates the time at which the baseline was stable and
systemic injection of D-serine and sodium benzoate was administered. Points represent
mean = SEM, and are expressed as a percentage of the final three baseline samples.
Statistical analysis carried out with repeated measures ANOVA. *p<0.05, ***p<0.005.
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Figure 31. Effect of systemic administration of D-serine and sodium benzoate on
extracellular 5-HIAA and MHPG in the mPFC, in the presence of 3uM nomifensine.
Time point O indicates the time at which the baseline was stable and systemic injection of
D-serine and sodium benzoate was administered. Points represent mean + SEM, and are
expressed as a percentage of the final three baseline samples. Statistical analysis carried
out with repeated measures ANOVA. *p<0.05, **p<0.01, ***p<0.005.
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3.7 Discussion

Experiments in this chapter established a protocol in which in vivo microdialysis coupled
with HPLC was used to measure extracellular levels of DA, DOPAC, HVA, 5-HIAA and
MHPG in the mPFC of the anaesthetised rat, while concurrently performing local

applications and systemic injections of pharmacological agents.
The results can be summarised as follows:

e In a pilot study, local application of K* (100mM, via the probe perfusate) to the
MPFC caused an increase in extracellular levels of DA, and a concurrent

decrease in levels of DOPAC and HVA

e In a pilot study, systemic administration of amphetamine (1.5mg/kg) caused an
increase in extracellular levels of DA in the mPFC, accompanied by small

decreases in DOPAC and HVA

e In a pilot study, depletion of Ca?" from the extracellular space (by omitting CaCl,
from the perfusing aCSF) caused a decrease in extracellular levels of DA in the

mPFC

e Systemic injection of D-serine (1280mg/kg) and sodium benzoate (500mg/kg)
significantly increased levels of D-serine in both the cerebellum and PFC when

compared with vehicle

e Systemic injection of D-serine and sodium benzoate had no significant effect at
any individual time point on extracellular levels of DA, HVA or 5-HIAA in the
mPFC, but resulted in a significant increase in levels of DOPAC and MHPG, when

compared with vehicle
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¢ When nomifensine was added locally to the mPFC (via the probe perfusate), and
the probe membrane length increased from 2mm to 3mm, significant increases in
extracellular levels of DOPAC, HVA, 5-HIAA and MHPG in the mPFC were
detected following systemic injection of D-serine and sodium benzoate, but no

significant change was detected in levels of DA, when compared with vehicle.

Pilot studies confirmed that the experimental method was suitable for the measurement of
extracellular levels of DA and its metabolites in the mPFC of the anaesthetised rat. Local
application of high K* caused an increase in extracellular DA levels (Figure 23). A high
level of K™ in the synapse causes local depolarisation, resulting in the influx of calcium into
the neuron through voltage-gated calcium channels, and consequent exocytosis of
intracellular vesicles. As such, extracellular DA levels increased, due to its release from
intracellular vesicles into the synaptic cleft. Interestingly, there was a concurrent decrease
in levels of DOPAC and HVA. This may be explained, at least in part, by the work of
Zetterstrém and colleagues (1988). These authors proposed that the majority of DOPAC
and HVA arise from the breakdown of newly synthesised intracellular pools of DA stores
before it is released (Zetterstrom et al., 1988). Therefore, upon elevated DA release,
newly synthesised DA stores become depleted, and consequently may lead to a decrease

in DOPAC and HVA.

Amphetamine administration also evoked an increase in extracellular DA in the mPFC,
accompanied by a small decrease in DOPAC and HVA (Figure 23). Amphetamine
enhances synaptic DA via non-exocytic release from neurons. First, it acts to redistribute
vesicular DA to the cytosol, increasing free intracellular DA (Sulzer et al., 1995). This

increase then induces reverse transport of DA via DAT into the synaptic cleft
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(Sulzer et al., 1995). Consequent depletion of newly synthesised intracellular DA stores

again explains the observed decrease in levels of DA metabolites.

Upon omission of CaCl, from the probe perfusate, there was a decrease in extracellular
DA (Figure 24). Depolarisation of the nerve terminal as the result of an action potential
induces the opening of voltage-gated calcium channels, which allow an influx of Ca*" into
the neuron. This causes the intracellular vesicles to fuse with the plasma membrane, and
stored neurotransmitter molecules are released into the synaptic cleft. As such, the
presence of Ca” in the synaptic cleft is essential for normal DA release to occur. A
reduction in the availability of Ca®" limits the release of DA into the synaptic cleft. This
results in little change in newly synthesised DA stores, and so the metabolite levels are
largely unaffected.

Taken together, the series of pilot studies confirmed that the model was displaying the
expected characteristics, and that the experimental method was allowing for

measurement of DA and its metabolites in the mPFC.

The effect of D-serine in combination with sodium benzoate was tested in two sets of
experiments; one in the absence of the DAT and NET inhibitor nomifensine, and the other
in its presence. In both sets of experiments, systemic administration of sodium benzoate
and D-serine in combination significantly increased the levels of D-serine in the
cerebellum, when compared with vehicle (Figure 25, Figure 29). D-serine levels in the
PFC were also measured in the second set of experiments, and were shown to be
increased following D-serine and sodium benzoate administration when compared with
vehicle (Figure 29). These findings verify that systemic administration of the drugs is

having an effect on levels of D-serine in the brain.

96



Chapter 3: Systemic D-serine manipulation and PFC DA

In the first set of experiments, there was a trend towards an increase in levels of DA in the
mPFC following D-serine and sodium benzoate administration, accompanied by a
significant increase in levels of DOPAC (Figure 26). There was also an interaction
between time and drug in the HVA measurements, but no individual time points showed a
significant difference between the vehicle and treatment groups. From these data, it
seemed conceivable that the systemic DAO inhibition combined with exogenous D-serine
administration was activating the mesocortical DA pathway, but without producing a

detectable release of DA.

This procedure was repeated using probes of longer membrane length and with local
nomifensine application in the mPFC. DOPAC AND HVA again showed a significant
increase following drug treatment when compared with controls, but without a detectable
increase in DA (Figure 30). However, DA levels gradually increased in both groups, as
demonstrated by the significant effect of time, putatively as a result of the addition of
nomifensine and blockade of DAT and NET, preventing DA reuptake. In light of the
significant increases observed in extracellular levels of DOPAC and HVA in the mPFC,
these results provide evidence of an increase in activation of the mesocortical DA system.
However, interpretation of these results must remain constrained by the bounds of
reasonable assumption. Although levels of extracellular DOPAC and HVA in the mPFC
increased, this is not necessarily evident of an increase in DA release, and one cannot
unequivocally conclude that D-serine affects mesocortical DA transmission per se. The
majority of DOPAC and HVA formed in the brain are as a result of the metabolism of
newly synthesised DA (Zetterstrom et al.,, 1988). It is possible, therefore, that the
observed increase in the DA metabolites is representative of an increase in the turnover

of DA, and while more DA may be being synthesised, it is not necessarily being released.

Some interesting questions remain as to the origin of the increase in DA metabolites

observed in this chapter. D-serine was putatively elevated throughout the brain as a result
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of the systemic injections, and so the effects on DA may be caused by several possible
processes. Elevated D-serine levels may directly affect DA terminals in the PFC, for
example by increasing stimulation of presynaptic NMDA receptors, which may have a
knock-on effect on DA metabolism. Another possibility is that the primary effect of the
D-serine elevation lies within the cerebellum. Evidence suggests that the cerebellum can
modulate dopaminergic function in the PFC, and that disrupted Purkinje cell output from
the cerebellum may result in abnormal DA transmission in the PFC (Mittleman et al.,
2008). In chapter 2 of this thesis, DAO was shown to be present in glia surrounding
Purkinje cells, and was suggested to be serving to minimise D-serine levels in the locality.
It is therefore possible that elevated D-serine levels in the cerebellum as a result of the
systemic injections in this study may result in disrupted Purkinje cell output, and
consequently affect levels of DA and its metabolites in the PFC. Furthermore,
mesocortical DA neurons have their cell bodies in the VTA, and DA output from the VTA
is modulated by NMDA receptors (see e.g. Bennett and Gronier, 2007). It is possible that
elevated D-serine levels in the VTA as a result of the systemic injections is resulting in
increased NMDA receptor activation on mesocortical DA neurons, culminating in an

increase in their activity.

Extracellular 5-HIAA and MHPG levels also significantly increased following injection of
D-serine and sodium benzoate in the presence of nomifensine (Figure 31). Given that the
injections were given systemically, and levels of D-serine increased in two brain regions
investigated, it is likely that the systemic injections resulted in an increase in D-serine
levels throughout the brain. NMDA receptors on 5-HT and NA neurons may thus be
affected by the increased D-serine levels, likely showing augmented function and
consequent increased activation of their host neurons. The PFC receives considerable
serotonergic input from the raphe nuclei (e.g. Smiley and Goldman-Rakic, 1996), and

noradrenergic innervation from the locus coeruleus (e.g. Radley et al., 2008). NMDA
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receptors have been shown to regulate the firing of serotonergic neurons in the raphe
nuclei (Gartside et al, 2007), and noradrenergic neurons in the locus coeruleus (Charléty
et al, 1993), with application of NMDA to the neurons resulting in increased firing rate in
both cases. Increased activation of NMDA receptors on these neurons in the experiments
above may therefore lead to increased firing of these neurons and consequent increased
levels of 5-HT and noradrenaline in the mPFC. This may explain the increase in the levels

of 5-HT and noradrenaline metabolites recorded.

Relatively few studies have considered the effect of systemic application of exogenous
D-serine, or systemic DAO inhibition. One study, however, published by Bannai and
colleagues (2011; after this study had been completed), investigated how oral
administration of D-serine affected DA and 5-HT levels in the PFC of awake Wistar rats.
D-serine administration yielded a transient (0-10 mins), yet significant, DA increase, and a
similarly transient increase in levels of 5-HT. The authors concluded that both effects
were likely as a result of NMDA receptor-modulation of PFC neurons. These results
support the theory that enhanced availability of NMDA receptor glycine site agonists in the
brain may alter NMDA receptor-mediated modulation of PFC neurons, and consequent

extracellular levels of neurotransmitters.

In the current study, both DA metabolites and a 5-HT metabolite were increased following
systemic administration of D-serine and a DAO inhibitor. This may be therapeutically
relevant, as there is evidence for both 5-HT and DA deficits in the PFC in schizophrenia
(Abi-Dargham, 2007; Davis et al., 1991), and so the manipulation of both neurotransmitter
systems may be therapeutically useful. Increasing NMDA receptor-mediated stimulation
of both 5-HT and DA neurons may result in an increased release of both
neurotransmitters in the PFC that may synergistically improve the cognitive and negative

symptoms of schizophrenia thought to originate therein.
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In summary, this chapter has produced some interesting data suggesting that systemic
administration of D-serine and a DAO inhibitor has an effect on cortical DA. This may be
therapeutically relevant in the context of schizophrenia, in which an enhancement of
mesocortical DA function may be beneficial in the treatment of cognitive and negative

symptoms.
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Chapter 4:
Investigation of the effects of D-serine

manipulation in the VTA on extracellular

DA In the PFC
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4.1 Background

In Chapter 3, the effect of systemic D-serine manipulation on DA and its metabolites in
the mPFC of the anaesthetised rat was investigated. The results of these experiments
were equivocal; extracellular levels of the DA metabolites DOPAC and HVA were
increased after systemic injection of D-serine and a DAO inhibitor, while levels of DA were
not significantly changed. Levels of the 5-HT and noradrenaline metabolites 5-HIAA and
MHPG (respectively) were also increased, suggesting that the increase in brain levels of
D-serine was having an effect on NMDA receptors throughout the brain. This resulted in

an increase in levels of multiple neurotransmitters in the mPFC.

Three possible explanations were explored for the effects on DA metabolites observed.
First, elevated D-serine levels may directly affect DA terminals in the PFC, for example by
increasing stimulation of presynaptic NMDA receptors, which may have a knock-on effect
on DA metabolism. Second, the primary effect of the D-serine elevation could lie within
the cerebellum, which has a role in the modulation of DA function in the PFC. Disrupted
Purkinje cell output from the cerebellum as a result of D-serine elevation may result in a
change in DA transmission in the PFC. Finally, mesocortical DA neurons have their cell
bodies in the VTA, and DA output from the VTA is modulated by NMDA receptors (see
e.g. Bennett and Gronier, 2007). Therefore, elevated D-serine levels in the VTA may
increase NMDA receptor activation on mesocortical DA neurons, altering their activity.
The third explanation for the observed changes was chosen for further investigation in this

chapter.

Although several studies have considered the effect of direct NMDA receptor activation or
inhibition on VTA DA neuron firing (e.g. Mathe et al., 1999; Svensson et al., 1998;
Johnson et al., 1992; Suaud-Chagny et al., 1992; Chergui et al., 1993), relatively few

have considered a role for the co-agonist glycine site of the NMDA receptor. One study,
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however, investigated the effect of elevating levels of kynurenic acid (an endogenous
antagonist of the NMDA receptor glycine site) on the phasic activity of DA neurons in the
VTA (Erhardt and Engberg, 2002). Elevation of kynurenic acid levels resulted in a
significant increase in both firing rate and bursting activity of VTA DA neurons. This effect
was mimicked by the administration of MK 801, an NMDA receptor antagonist, and
reversed by administration of D-cycloserine, a partial agonist at the NMDA receptor
glycine site. As such, the study demonstrated that VTA DA neuron firing can be

manipulated via the NMDA receptor glycine site.

A further study in 2008 considered how agonist activity at the glycine site may affect VTA
DA neuron activity, and investigated the potential relevance of D-serine in behavioural
sensitisation to cocaine (Fernandez-Espejo et al., 2008), a process critically involving DA
transmission from the VTA (Kalivas and Stewart, 1991). There is enhanced glutamate
release in the VTA in motor sensitisation to cocaine (Kalivas and Duffy, 1998),
accompanied by increased NMDA and AMPA receptor stimulation, and an increase in
calcium levels in dopaminergic neurons (Licata and Pierce, 2003). The authors therefore
considered it conceivable that D-serine could participate in the sensitisation, given its role
in NMDA receptor mediation. Administration of D-serine or sodium benzoate directly into
the VTA enhanced the motor sensitisation to cocaine. Conversely, 7-chlorokynurenate (an
antagonist at the glycine site of NMDA receptors) administration blocked the development
of sensitisation. These findings implicate a functional role for D-serine in mediating NMDA
receptor activity on DA neurons in the VTA, and thereby provide indirect evidence that
DAO may also be active in the VTA. The demonstration that DAO is expressed in the VTA
(Chapter 2) supports this possibility, but a functional role for DAO in the VTA has yet to be

directly demonstrated.

103



Chapter 4: VTA D-serine manipulation and PFC DA

4.2 Summary and aims

Taken together, the available data suggest a functional role for the NMDA receptor
glycine site in modulating VTA DA neuron activity. As such, altering D-serine availability in
the VTA may affect levels of DA in output regions of the different DA pathways, such as
the PFC, the projection site of mesocortical DA neurons. This may help to explain

changes in extracellular levels of DA metabolites seen in Chapter 3.

This study aimed to measure levels of DA and its metabolites in the mPFC of
anaesthetised rats using in vivo microdialysis coupled with HPLC, while
pharmacologically manipulating levels of D-serine specifically in the VTA. This will allow
for the testing of the hypothesis that the increases in extracellular levels of the DA
metabolites DOPAC and HVA seen in the previous chapter (following systemic injection of
D-serine and a DAO inhibitor) may be mediated, at least in part, by the VTA. Firstly,
NMDA was injected into the VTA, to directly activate NMDA receptors therein and
compare observed with expected effects. Then, D-serine availability in the VTA was
specifically altered via direct local injection of either D-serine or a DAO inhibitor. Injections

of the following compounds were performed:

e D-serine

e Sodium benzoate (a DAO inhibitor)

e D-serine + sodium benzoate

e 5-chlorobenzol[d]isoxazol-3-ol (CBIO; a DAO inhibitor)

0.9% NacCl (vehicle control)

Measurements of DA and its metabolites were continued for 2 hours post-injection. Levels
of the 5-HT metabolite 5-HIAA and the noradrenaline metabolite MHPG were also

measured, to assess if any effects observed were specific to the DA system.
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4.3 Methods
4.3.1 Invivo microdialysis —local injection

Adult male Sprague-Dawley rats (Harlan, UK) were anaesthetised with chloral hydrate
(500mg/kg i.p.) and mounted in a stereotaxic frame in the flat skull position. Anaesthesia
was maintained with 20-40mg doses of chloral hydrate throughout, and body temperature
monitored and maintained at 36-37°C. Hydration was also closely monitored, and
maintained using 4% glucose in 0.18% saline. A hole was made in the skull using a dental
drill (Foredom®, Bethel, USA) and a microdialysis probe (crafted in-house) was implanted
into the mPFC at the following coordinates relative to bregma: ML +0.6mm; AP +3.2mm;
DV -5.0mm (from dura), according to the rat brain atlas of Paxinos and Watson (1998).
The probe was secured using a single cranial screw (2mm, Royem Scientific, Luton, UK)
and Simplex Rapid™ dental cement (Kemdent®, Swindon, UK). The probe was perfused
with artificial CSF (containing 140.0mM NaCl, 3.0mM KCI, 1.2mM Na,HPQO,4.2H,0,
0.27mM NaH,PO4.H,O, 1.0mM MgCl,.6H,O, 2.4mM CaCl, and 7.2mM glucose)
containing 3uM nomifensine at a flow rate of 1ul/min. Samples were collected every 20
minutes in small tubes containing 5ul of 0.1M perchloric acid, and run through the HPLC

machine for analysis.

A second hole was then made in the skull, and a guide cannula (26G, 11m length,
PlasticsOne®) implanted and cemented above the VTA at the following coordinates
relative to bregma: ML + 0.8mm; AP -5.7mm; DV -6.8mm (from dura; best coordinates to
hit VTA determined from pilot studies). Once a stable baseline was achieved, an injection
needle (33G, extending 1mm below guide, PlasticsOne®) was inserted into the guide

cannula and a single injection per animal administered (0.5pl) at a rate of 90nl/min.
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The following injections were performed:

1mM NMDA in aCSF (n=1) or aCSF (vehicle; n=1)

e 5mM D-serine in 0.9% NaCl (n=4)

e 200ug/ul sodium benzoate in 0.9% NacCl (n=4)

e 5mM D-serine plus 200ug/ul sodium benzoate in 0.9% NaCl (n=7)

e 0.1lpg CBIO (n=1), 1ug CBIO (n=3) or 10ug CBIO (n=1) in 0.9% NaCl

o 0.9% NaCl (vehicle; n=6. NB: The same vehicle group was used for comparison
with all D-serine/DAO inhibitor treatment groups, in order to keep the number of

animals used to a minimum.)

Sampling continued for 2 hours post-injection, after which a single injection of pontamine
sky blue (0.5ul) was given through the injection cannula at the same rate to allow for
histological determination of injection site placement. The animals were then euthanased,
and their brains harvested. Both probe and injection placements were checked

histologically.
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4.3.2 Histological determination of probe and injection placement

Figure 32 shows a schematic representation of expected probe and injection site
placements. Each individual brain was histologically assessed for placement accuracy,

and those not matching this schematic removed from the analysis.
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Figure 32. Schematic representation of observed mPFC probe (A) and VTA injection
site (B) placement in sections of brain taken from animals used for microdialysis.
The blue circle in (B) represents the typical diffusion of pontamine sky blue observed.
Brain atlas images taken from Paxinos and Watson, 2007.
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4.3.3 Drug preparation and dosing

4.3.3.1 D-serine

The dose of D-serine to be administered was determined based on the experimental
protocol of Fernandez-Espejo and colleagues (Fernandez-Espejo et al., 2008). The
behavioural effects of D-serine were only seen in the study when injected into the VTA at
5mM (not at 1mM); this was thus the dose selected. D-serine was freshly dissolved in

0.9% NaCl on the day of each experiment.

4.3.3.2 Sodium benzoate

The dose of sodium benzoate to be administered was also determined based on the
experimental protocol of Fernandez-Espejo and colleagues (Fernandez-Espejo et al.,
2008). Behavioural effects of sodium benzoate were seen at both 100 and 200ug/ul.
200ug/ul was selected as the dose for the current study, in order to try to maximise any

effects seen. Sodium benzoate was prepared daily in 0.9% NaCl.

4.3.3.3 D-serine plus sodium benzoate
The doses used for the combination injection were the same as those for the individual
injections; 5mM D-serine and 200ug/ul sodium benzoate. The two were dissolved

together in 0.9% NaCl on the day of each experiment, and administered as a single bolus.

4.3.3.4CBIO

At the time of the design of the experiment, no known studies had directly administered
CBIO into the rat brain. However, one paper compared the effects of various DAO
inhibitors on DAO enzymatic activity in vitro, before going on to investigate their effects on
formalin-induced tonic pain in rats when injected intrathecally (Gong et al., 2011). CBIO
was shown to have a half-inhibitory concentration (ICs) value of 0.09uM, whereas sodium
benzoate had a value of 15.4uM — values roughly two orders of magnitude different.

When injected intrathecally, CBIO was administered in a range of doses from 0.01ug-3ug,
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and sodium benzoate was administered in doses of 3-300ug. These dose ranges were
again roughly two orders of magnitude different. As such, in this study, CBIO was injected
at a dose range approximately two orders of magnitude smaller than the 100ug dose of
sodium benzoate used above. A series of pilot experiments were performed, injecting

CBIO at doses from 0.1-10ug.

CBIO was freshly dissolved in 0.9% NaCl solution on the day of each experiment. The pH
of the solution was adjusted with 1M NaOH as needed to dissolve the compound, and

then returned to pH7 using HCI.

4.3.4 Data analysis

Statistical analyses were carried out using SPSS software (version 17.0). A repeated
measures ANOVA was performed to assess the effects of time and drug on DA, DOPAC,
HVA, 5-HIAA and MHPG dialysate levels (relative to baseline). Simple main effects
analysis was then performed if a drug x time interaction effect was seen in the original

ANOVA. Time points were included from 20 minutes post-injection onwards.

4.3.5 Protocol optimisation: creating an HPLC Time File

Throughout Chapter 3, all samples analysed using HPLC were run with constant
detection settings. Specifically, the range was kept constant at 5nA throughout each run.
However, the DA peaks on the chromatograms were very small, and in some cases
difficult to measure. Therefore, in order to ensure maximum sensitivity when analysing the
peak produced by each of the sample eluates, it was pertinent to set up a ‘Time File’,
allowing for changes in the range of detection at different time points during the run.
Given that a smaller range allows for a greater degree of ‘zoom’ into the chromatogram,

settings were altered such that the range was reduced to 0.2nA at the time of elution of
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DA, resulting in a peak that was as large as possible on the screen. This allowed for
accurate measurement of even subtle changes in peak height, and was the smallest
range allowed by the system. Alterations were also made to the range at the time of
elution of the other peaks at the start of each experiment, in order to ensure that the
peaks were of sufficient size for accurate measurement. The peak heights were calibrated

with reference standards dalily.

Figure 33 and Figure 34 show two example reference standard traces, one with a
constant time file and one with altering range settings, demonstrating the ‘zooming’

allowed by the time file.
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Figure 33. Example HPLC standard trace with a constant range setting of 5nA. Each peak represents a known quantity (0.25 pmol) of

each reference standard.
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Figure 34. Example HPLC standard trace with variable range settings. Each peak again represents a known quantity (0.25 pmol) of
each reference standard. The run begins at a range setting of 5nA, and changes to 0.2nA at approximately 4 minutes (A), allowing for a
degree of 'zoom' into the DA standard peak, and accurate measurement of very subtle changes in height. The range then alters to 10nA just
after 5Sminutes(B), to allow for anticipated large 5-HIAA peaks during sample runs, and then changes back to 5nA at around the 7.5 minute

mark (C) to accommodate anticipated HVA peaks.
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4.4 Results

4.4.1 Pilot study: Effect of NMDA injection into the VTA on extracellular DA and its
metabolites in the mPFC

The administration of NMDA directly into the VTA caused an immediate increase in
extracellular DA levels in the mPFC, which peaked 20 minutes after injection (Figure 35).
There was also a slight increase in both DOPAC and HVA levels, peaking 100 minutes
after injection (Figure 35). These results verified that NMDA receptor activation in the VTA
elevated cortical DA and its metabolites, as would be expected. As such, the pilot study
confirmed that the experimental procedure was successful in allowing for injection of a
drug directly into the VTA, while concurrently measuring levels of cortical DA and its

metabolites.
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Figure 35. Effect of NMDA injection into the VTA on extracellular DA and its
metabolites in the mPFC. Time point O indicates the time at which the baseline was
stable and either NMDA or vehicle (aCSF) was administered (arrow).
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4.4.2 Main study: Raw baseline dialysate levels

Table 7 shows the average raw baseline levels of DA, DOPAC, HVA, 5-HIAA and MHPG

found in the final three baseline dialysis samples collected in each group before drug

administration.

Treatment DA DOPAC HVA 5-HIAA MHPG
Group
Dserine | 0-054+0.005 | 0.681%0.027 | 1.890 +0.259 | 2.205 +0.130 0.104 +
(n=4) (n=4) (n=4) (n=4) 0.021 (n=3)
Sodium 0.060 + 0.010 | 0.835+0.247 | 1.779+0.441 | 2.376 +0.286 | 0.152 + 0.020
benzoate (n=4) (n=4) (n=4) (n=4) (n=3)
D-serine + | ) )56 +0.007 | 0.485+0.120 | 1.470 +0.344 | 1.766 +0.382 | 0.092 +0.014
sodium (n=7) (n=7) (n=7) (n=7) (n=7)
benzoate - - - B B
CBIO 0.071 0.621+0.170 | 2.103 +0.327 | 3.298 + 0.510 0.149
(n=2) (n=3) (n=3) (n=3) (n=2)
Vehicle 0.063+0.008 | 0.538+0.134 | 1.865+ 0.251 | 2.676 +0.228 | 0.133 + 0.024
(0.9% NacCl) (n=5) (n=6) (n=6) (n=6) (n=6)

Table 7. Raw baseline levels of DA, DOPAC, HVA, 5-HIAA and MHPG in the
dialysates from male Sprague-Dawley rats. Values given are mean + S.E.M. (pmol) in
each treatment group, and are calculated from the final three baseline samples collected

from each animal before any drugs were administered.
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4.4.3 Effect of D-serine injection into the VTA on extracellular DA and its
metabolites in the mPFC

Injection of D-serine into the VTA had no effect on extracellular levels of DA in the mPFC
when compared with vehicle [effect of drug F(1,7)=0.223, p=0.651; effect of time
F(5,35)=1.081, p=0.388; drug x time interaction F(5,35)=0.854, p=0.521; Figure 37].
There were, however, clear increases in extracellular DOPAC and HVA levels in the
mPFC after D-serine injection, which continued to rise throughout the 120 minutes after
injection [DOPAC: effect of drug F(1,8)=8.582, p=0.019; effect of time F(5,40)=30.886,
p<0.001; drug x time interaction F(5,40)=7.006, p<0.001; HVA: effect of drug
F(1,8)=22.805, p=0.001; effect of time F(5,40)=41.256, p<0.001; drug x time interaction

F(5,40)=8.076, p<0.001; Figure 37].

There was no effect of intra-VTA D-serine injection on mPFC levels of 5-HIAA or MHPG
when compared with vehicle [5-HIAA: effect of drug F(1,8)=0.006, p=0.939; effect of time
F(5,40)=1.401, p=0.245; drug x time interaction F(5,40)=1.006, p=0.427; Figure 37.
MHPG: effect of drug F(1,7)<0.001, p=0.996; effect of time F(5,35)=0.306, p=0.906; drug

x time interaction F(5,35)=0.211, p=0.956; Figure 37].
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Figure 36. Effect of D-serine injection into the VTA on extracellular DA and its
metabolites in the mPFC. Time point O indicates the time at which the baseline was
stable and local injection of D-serine, or vehicle, was administered. Points represent
mean = SEM, and are expressed as a percentage of the final three baseline samples.
Statistical analysis carried out with repeated measures ANOVA and simple main effects
post-hoc testing. *p<0.05, *p<0.01, ***p<0.005.
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Extracellular mPFC 5-HIAA
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Figure 37. Effect of D-serine injection into the VTA on extracellular 5-HIAA and
MHPG in the mPFC. Time point 0 indicates the time at which the baseline was stable and
local injection of D-serine, or vehicle, was administered. Points represent mean + SEM,
and are expressed as a percentage of the final three baseline samples. Statistical
analysis carried out with repeated measures ANOVA.
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4.4.4 Effect of sodium benzoate injection into the VTA on extracellular DA and its
metabolites in the mPFC

There were robust increases in extracellular levels of DA, DOPAC and HVA in the mPFC
following intra-VTA injection of sodium benzoate when compared with vehicle (Figure 38),

but no clear changes in levels of 5-HIAA or MHPG (Figure 40).

Overall, levels of DA were increased by sodium benzoate injection but not by vehicle
[effect of drug: F(1,7)=14.559, p=0.007], and peaked at 40 minutes post-injection [main
effect of time: F(5,35)=5.413, p=0.001; drug x time interaction [F(5,35)=5.456, p=0.001;
Figure 38]. There was a similar effect on levels of DOPAC and HVA, which peaked at 100
and 120 minutes post-injection, respectively [DOPAC: effect of drug F(1,8)=8.643,
p=0.019; effect of time F(5,40)=48.919, p<0.001; drug x time interaction F(5,40)=16.775,
p<0.001. HVA: effect of drug F(1,8)=11.931, p=0.009; effect of time F(5,40)=37.848,

p<0.001; drug x time interaction F(5,40)=8.625, p<0.001; Figure 38].

Intra-VTA injection of sodium benzoate had no clear effect on extracellular levels of
5-HIAA [effect of drug F(1,8)=2.483, p=0.154; Figure 40] or MHPG [effect of drug
F(1,7)=0.297, p=0.603; effect of time F(5,35)=0.645, p=0.667; drug X time interaction
F(5,35)=1.106, p=0.375; Figure 40], although a subtle increase in 5-HIAA over time was
detected [effect of time F(5,40)=13.423, p<0.001; drug x time interaction F(5,40)=3.553,

p=0.009].
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Extracellular mPFC DA
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Figure 38.Effect of sodium benzoate injection into the VTA on extracellular DA and
its metabolites in the mPFC. Time point 0 indicates the time at which the baseline was
stable and local injection of sodium benzoate, or vehicle, was administered. Points
represent mean + SEM, and are expressed as a percentage of the final three baseline
samples. Statistical analysis carried out with repeated measures ANOVA and simple main
effects post-hoc testing. *p<0.05, **p<0.01, ***p<0.005.
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Extracellular mPFC 5-HIAA
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Figure 39. Effect of sodium benzoate injection into the VTA on extracellular 5-HIAA
and MHPG in the mPFC. Time point O indicates the time at which the baseline was
stable and local injection of sodium benzoate, or vehicle, was administered. Points
represent mean = SEM, and are expressed as a percentage of the final three baseline
samples. Statistical analysis carried out with repeated measures ANOVA and simple main
effects post-hoc testing. *p<0.05.
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4.45 Effect of concurrent D-serine and sodium benzoate injection into the VTA on
extracellular DA and its metabolites in the mPFC

There was a clear increase in extracellular levels of DA in the mPFC following intra-VTA
injection of D-serine and sodium benzoate in combination, when compared with vehicle
[effect of drug F(1,10)=5.504, p=0.041], which peaked 40 minutes after injection [effect of
time F(5,50)=3.252, p=0.013; drug x time interaction F(5,50)=3.678, p=0.007; Figure 40Q].
This time by drug interaction was driven by an increase in DA seen in the D-serine and

sodium benzoate treatment group that was not seen in the vehicle group.

Extracellular levels of DOPAC in the mPFC were not significantly affected by injection of
D-serine and sodium benzoate, when compared with vehicle [effect of drug
F(1,11)=0.714, p=0.416; Figure 40], Despite this, there was a significant effect of time on
levels of DOPAC [F(5,55)=13.062, p<0.001], and a significant drug X time interaction
[F(5,55)=3.117, p=0.015]. However, no individual time points were significant. Individual
analysis of the effect of time on each treatment group revealed a significant effect on
each, describing the increase in levels of DOPAC seen in both the SB+DS and vehicle

group [SB+DS: F(5,30)=8.838, p<0.001; veh: F(5,25)=13.309, p<0.001].

There was no effect of combined D-serine and sodium benzoate injection into the VTA on
mPFC extracellular levels of HVA, when compared with vehicle [effect of drug
F(1,11)=1.764, p=0.211; Figure 40]. There was, however, a significant main effect of time
[F(5,55)=16.888, p<0.001], but no significant drug x time interaction [F(5,55)=1.081,

p=0.381] reflecting an increase in HVA over time in both treatment groups (Figure 40).

Intra-VTA injection of D-serine and sodium benzoate in combination also had no effect on
mPFC levels of 5-HIAA [effect of drug F(1,11)=0.451, p=0.516; drug x time interaction
F(5,55)=0.742, p=0.596; Figure 42]. There was, however, a main effect of time of 5-HIAA
levels [F(5,55)=3.391, p=0.010], although individual analysis of the two treatment groups

revealed no significant effect in either, despite a trend towards significance in both
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[SB+DS: F(5,30)=2.319, p=0.068; veh: F(5,25)=2.554, p=0.053]. D-serine and sodium
benzoate injection had no significant effect on extracellular levels of MHPG in the mPFC,
when compared with vehicle injection [effect of drug F(1,11)=0.162, p=0.695; effect of

time F(5,55)=0.206, p=0.959; drug x time interaction F(5,55)=0.461, p=0.803; Figure 42].
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Figure 40. Effect of concurrent D-serine and sodium benzoate injection into the VTA
on extracellular DA and its metabolites in the mPFC. Time point O indicates the time at
which the baseline was stable and local injection of D-serine and sodium benzoate, or
vehicle, was administered. Points represent mean = SEM, and are expressed as a
percentage of the final three baseline samples. Statistical analysis carried out with
repeated measures ANOVA and simple main effects post-hoc testing. *p<0.05, **p<0.01,
***pn<0.005.
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Extracellular mPFC 5-HIAA
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Figure 41. Effect of concurrent D-serine and sodium benzoate injection into the VTA
on extracellular 5-HIAA and MHPG in the mPFC. Time point O indicates the time at
which the baseline was stable and local injection of D-serine and sodium benzoate, or
vehicle, was administered. Points represent mean = SEM, and are expressed as a
percentage of the final three baseline samples. Statistical analysis carried out with
repeated measures ANOVA.
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4.4.6 Effect of CBIO injection into the VTA on extracellular DA and its metabolites
in the mPFC

First, pilot injections of 0.1ug, 1ug and 10ug CBIO were administered into the VTA. When
plotted together, these three doses did not appear to differ in their effects on extracellular
levels of DA, DOPAC, HVA, 5-HIAA and MHPG in the mPFC (Figure 42, Figure 43). As
such, the intermediate dose of 1ug was selected, and two more experiments at this dose
were performed. These results were plotted with the vehicle traces from the previous

experiments (Figure 44, Figure 46).

CBIO injection into the VTA had no effect on extracellular levels of DA in the mPFC when
compared with vehicle injection [effect of drug F(1,5)=0.229, p=0.652; effect of time
F(5,25)=0.727, p=0.609; drug x time interaction F(5,25)=1.877, p=0.134; Figure 44].
There was also no effect on levels of DOPAC [effect of drug F(1,7)=0.873, p=0.381;
Figure 44], although analysis of the effects of time revealed a significant change
[F(5,35)=16.346, p<0.001], despite no drug x time interaction [F(5,35)=0.573, p=0.720].
Both the vehicle and CBIO traces clearly show an increase in DOPAC over time (Figure

44).

Similarly, despite an effect of time on HVA levels following CBIO injection
[F(5,35)=17.455, p<0.001; Figure 44], there was no significant effect of drug
[F(1,7)=0.236, p=0.642], or drug x time interaction [F(5,35)=0.284, p=0.919]. Again this is
indicative of an increase in levels of HVA over time in both the CBIO and vehicle groups,

as can be seen in Figure 44.

Injection of CBIO in the VTA had no significant effect on levels of 5-HIAA in the mPFC
when compared with vehicle [effect of drug F(1,7)=1.163, p=0.317; Figure 46]. There was
also no significant effect of time [F(5,35)=1.239, p=0.312], although there was a drug X
time interaction [F(5,35)=3.228, p=0.017]. Further analysis revealed no significant

differences between the two groups at any individual time point.
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Finally, there was no effect of intra-VTA injection of CBIO on extracellular levels of MHPG
in the mPFC when compared with vehicle injection [effect of drug F(1,6)=1.027, p=0.350;
effect of time F(5,30)=0.119, p=0.987; drug x time interaction F(5,30)=0.170, p=0.972;

Figure 46].
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Figure 42. Effect of 0.1-10ug CBIO injection into the VTA on extracellular DA and its
metabolites in the mPFC. Time point O indicates the time at which the baseline was
stable and a single local injection of CBIO (0.1, 1, or 10ug) was administered.
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Extracellular mPFC 5-HIAA
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Figure 43. Effect of 0.1-10ug CBIO injection into the VTA on extracellular 5-HIAA
and MHPG in the mPFC. Time point O indicates the time at which the baseline was
stable and a single local injection of CBIO (0.1, 1, or 10ug) was administered.
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Figure 44. Effect of 1ug CBIO injection into the VTA on extracellular DA and its
metabolites in the mPFC. Time point O indicates the time at which the baseline was
stable and a single local injection of CBIO was administered. Points represent mean +
SEM, and are expressed as a percentage of the final three baseline samples. Statistical
analysis carried out with repeated measures ANOVA.
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Figure 45. Effect of 1ug CBIO injection into the VTA on extracellular 5-HIAA and
MHPG in the mPFC. Time point O indicates the time at which the baseline was stable and
a single local injection of CBIO was administered. Points represent mean £+ SEM, and are
expressed as a percentage of the final three baseline samples. Statistical analysis carried
out with repeated measures ANOVA.
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4.5 Discussion

Experiments in this chapter successfully established a protocol in which in vivo
microdialysis coupled with HPLC was used to measure extracellular levels of DA,
DOPAC, HVA, 5-HIAA and MHPG in the mPFC of the anaesthetised rat, while

concurrently performing intra-VTA injections of exogenous D-serine and DAO inhibitors.

The results can be summarised as follows:

1. Intra-VTA injection of D-serine caused an increase in extracellular levels of
DOPAC and HVA in the mPFC when compared with vehicle, but had no effect on

levels of DA, 5-HIAA or MHPG (Figure 37, Figure 38).

2. Intra-VTA injection of sodium benzoate caused an increase in mPFC levels of DA,
DOPAC and HVA when compared with vehicle, but had no significant effect on

levels of 5-HIAA or MHPG (Figure 39, Figure 40).

3. Intra-VTA injection of both D-serine and sodium benzoate together resulted in an
increase in levels of DA in the mPFC when compared with vehicle, but had no
significant effect on levels of DOPAC, HVA, 5-HIAA or MHPG (Figure 41, Figure

42).

4. Intra-VTA injection of CBIO had no effect on mPFC levels of DA, DOPAC, HVA,

5-HIAA or MHPG, when compared with vehicle (Figure 45, Figure 46).

Previous experiments have shown that administering D-serine or sodium benzoate into
the VTA affects motor sensitisation to cocaine, which is known to be reliant on DA
transmission from the VTA (Fernandez-Espejo et al., 2008). The current experiments are
consistent with this; following intra-VTA injection of D-serine or sodium benzoate, there

was an increase in extracellular levels of DOPAC and HVA in the mPFC, which is the
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projection site of mesocortical DA neurons originating in the VTA. As such, DA
transmission from the VTA appears to have been increased. In Chapter 3, systemic
injection of D-serine and a DAO inhibitor resulted not only in an increase in levels of
DOPAC and HVA in the mPFC, but also levels of 5-HIAA and MHPG. This was consistent
with a study by Bannai and colleagues, who demonstrated that oral administration of
D-serine to rats resulted in transient increases in both DA and 5-HT in the PFC (Bannai et
al., 2011). The authors suggested that the global increase in brain levels of D-serine as a
result of systemic injection was having an augmenting effect on NMDA receptor function
throughout the brain, including perhaps those receptors located on 5-HT neurons in the
raphe nuclei and those on noradrenergic neurons in the locus coeruleus (both of which
project to the PFC), in addition to those on DA neurons in the VTA. However, in this
chapter, no effect was seen on levels of 5-HIAA and MHPG in the mPFC after injection of
D-serine and DAO inhibitors directly into the VTA. As such, this suggests that the DA
system is being specifically targeted by the intra-VTA injections in this study, and that the

5-HT and noradrenergic systems are not being directly affected.

When D-serine was injected into the VTA, there was an increase in mPFC extracellular
levels of DOPAC and HVA, but in the absence of any detectable changes in DA levels
(Figure 37). There are several possible explanations for this finding. First, it could be that
DA release is increased after D-serine, but then is rapidly taken up and metabolised
before it is able to diffuse across the microdialysis probe membrane; in other words, the
time resolution of the detection technique may be insufficient to detect transient changes.
Synaptic DA can be metabolised in one of two ways; first, via degradation to DOPAC by
monoamine oxidase (MAQO) and aldehyde dehydrogenase, followed by further metabolism
to HVA by catechol-O-methyltransferase (COMT), or second, by initial degradation by
COMT to 3-methoxytyramine (3-MT), then further metabolism by MAO and aldehyde

dehydrogenase to HVA. However, both these pathways require initial re-uptake of DA
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from the synaptic cleft by either the DA transporter DAT, or the noradrenaline transporter
NET, with the latter thought to be the major transporter for DA uptake in the PFC (Moron
et al.,, 2002), However, it seems unlikely that the lack of detected change in DA levels
following injection is due to DA reuptake and metabolism, since the perfusing aCSF

contained nomifensine, an inhibitor of both DAT and NET (Bymaster et al., 2002).

A further possible explanation involves the theory of NMDA receptor internalisation (Nong
et al., 2003). Stimulation of the glycine site of the NMDA receptor by glycine or D-serine
induces priming of the receptors for clathrin-dependent endocytosis. Binding of both a
glycine site agonist and glutamate site agonist is required for internalisation, but the
initiation of signalling through the NMDA receptor complex by binding at the glycine site
precedes this internalisation (Nong et al., 2003). It is possible that the elevated levels of
D-serine as a result of its local injection are priming the NMDA receptor on DA neurons
for internalisation, such that physiological stimulation by glutamate then causes the
receptors to internalise. This would compensate for the increase in NMDA receptor-
mediated neuron stimulation that may otherwise occur. This may explain the increase in
levels of DOPAC and HVA observed; perhaps the signal transduced through the NMDA
receptor complex as a result of D-serine binding initiates an increase in DA synthesis.
However, since the receptors then rapidly internalise upon binding of glutamate, any
increase in DA firing that may occur as a result of increased NMDA receptor activation
may be very short-lived, and may not produce a detectable increase in DA levels in the
mPFC. However, since the majority of DOPAC and HVA formed in the brain are as a
result of the breakdown of newly synthesised DA before it is released (Zetterstrom et al.,
1988), DOPAC and HVA would increase. Electrophysiological measurement of the firing
rate of DA neurons after intra-VTA administration of D-serine would therefore be key in
further investigating this idea. Indeed, initial studies using electrophysiology suggest an

increase in burst firing in some VTA DA neurons following systemic administration of
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D-serine (Dr Judith Schweimer, personal communication). A further interesting follow-up
experiment would be to carry out additional intra-VTA injections of different doses of
D-serine in combination with a measurement of receptor internalisation, in order to
investigate a potential threshold for maximum D-serine levels in the VTA before receptor

internalisation is primed.

Clearly, an intra-VTA injection of D-serine would appear to be having an activating effect
on the mesocortical DA neurons in some form, though the exact explanation is uncertain.
It is important to note that exogenous D-serine injected into the VTA is still susceptible to
degradation by endogenous DAO, so it may be possible that the D-serine injected is
being subject to considerable and rapid metabolism. The time resolution of the
microdialysis technique may therefore not allow for the detection of any short-lived
changes as a result of transiently increased D-serine levels. However, DAO inhibition
provides an alternative route by which to elevate endogenous levels of D-serine, which

may allow for a more sustained increase.

Interestingly, injection of the DAO inhibitor sodium benzoate into the VTA also resulted in
increased levels of DOPAC and HVA in the mPFC, in a pattern very similar to that
observed following injection of D-serine (Figure 37, Figure 39). However, there was also
an increase in extracellular levels of DA in the mPFC, which became significant within the
first 20 minutes after injection, and peaked 40 minutes after injection (Figure 38). This
increase in DA, in addition to increases in levels of the metabolites, provides further
support for the hypothesis that greater D-serine availability in the VTA (as a result of DAO
inhibition) results in enhanced NMDA receptor activation on mesocortical DA neurons,
and a consequent release of DA in the mPFC. Considering the theory of receptor
internalisation outlined above, it is possible that the elevation in levels of D-serine
produced by DAO inhibition is smaller than when D-serine itself is injected, and is

insufficient to evoke NMDA receptor internalisation. This would allow for a long-lasting
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increase in firing of the DA neurons, and a detectable increase in extracellular DA levels
in the mPFC. It is also possible that the increase in D-serine levels produced by the
inhibition of DAO persists over a greater time frame than when D-serine itself is injected,
again resulting in a prolonged effect on DA neuron firing and a detectable increase in

extracellular levels of DA.

Concurrent injection of both sodium benzoate and D-serine into the VTA also resulted in
an increase in extracellular levels of DA in the mPFC when compared with vehicle (Figure
40), in a pattern similar to when sodium benzoate was administered alone. DOPAC and
HVA levels followed a similar pattern of increase to those observed when the two
substances were administered independently (Figure 37, Figure 39, Figure 41), although
in this case, the effect did not reach statistical significance at individual time points. For
DOPAC, however, there was a significant interaction between time and drug, suggesting
that the failure to reach significance at individual time points may be due to variation
within the data (as evidenced by the large error bars). Nevertheless, it appears that
injecting sodium benzoate and D-serine together did not have an additive, or indeed
synergistic, effect on levels of DA and its metabolites in the mPFC. However, these
results may also be considered potentially cohesive with the receptor internalisation
theory. Concurrent administration of D-serine and sodium benzoate may have had a
supra-optimal effect on the system, increasing levels of D-serine in the VTA beyond the
physiological range. As such, the system may have been unable to perform the usual
adaptations (i.e. controlled NMDA receptor internalisation in order to adapt to the high
levels), resulting in increased NMDA receptor activation, a sustained increase in DA
neuron firing and elevated extracellular DA levels in the mPFC. This would account for the
similarity in form of the elevation pattern of DA and its metabolites when sodium benzoate
was administered alone compared with when sodium benzoate and D-serine were given

together. However, the more subtle elevation in D-serine levels produced by DAO
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inhibition alone may have had a more specific activating effect on the system than the
gross increase produced by the injection of both the DAO inhibitor and exogenous D-
serine together. This may account for the greater increase in levels of DA and its

metabolites in the PFC seen in this case, compared with the combined injection.

All the experiments above used sodium benzoate as the DAO inhibitor. Sodium benzoate
was originally selected for this study since it has been described as a ‘prototypical
competitive DAO inhibitor’ (Vanoni et al., 1997; Gong et al., 2011), and also on the basis
of its commercial availability and solubility. However, it should be noted that the current
study cannot exclude a contribution of off-target effects of sodium benzoate (although we
are unaware of any detailed pharmacological characterisation of the drug that provides
positive evidence of such effects). Other DAO inhibitors also exist, some with greater
potency at DAO than sodium benzoate; for example 5-chlorobenzo[d]isoxazol-3-ol
(CBIO), 4H-thieno[3,2-b]pyrrole-5-carboxylic acid (Compound 8) and 5-methylpyrazole-3-
carboxylic acid (AS057278) (Gong et al., 2011). During the course of this thesis, CBIO
became available and was sufficiently soluble for intra-VTA injection. Pilot injections of
CBIO into the VTA were carried out, in order to investigate its effects on the DA system.
However, data in Figure 44 and Figure 46 indicates that injection of 1ug CBIO directly into
the VTA had no detectable effect on extracellular levels of DA, DOPAC, HVA, 5-HIAA or
MHPG in the rat mPFC, when compared with vehicle. Given that levels of DOPAC and
HVA were unequivocally elevated following injection of D-serine and sodium benzoate
alone, and that DA itself was elevated following injection with sodium benzoate and both
D-serine and sodium benzoate together, it is surprising to see no effect on DA or its

metabolites following injection of CBIO.
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It is important to take into account the fact that no known studies to date have injected
CBIO directly into the brain. While the doses used in this study were carefully calculated,
there is no guarantee that they were suitable, or sufficient, to inhibit DAO. Although pilot
studies were carried out with a dose range over 2 orders of magnitude, a wider range of
doses is required in order to confirm the lack of effect. Furthermore, the pharmacological
profile of CBIO is also poorly documented, and there is no guarantee that it is free from
off-target effects. Overall, it is difficult to interpret these apparently negative pilot results,
and a more thorough investigation of CBIO (or one of the other novel DAO inhibitors

being developed) would be required in order to draw any conclusions.

Overall, it is important to consider the results of this chapter in the context of other studies
that have investigated the effects of compounds that are relevant to the NMDA receptor
glycine site (Fernandez-Espejo et al., 2008; Smith et al., 2009; Adage et al., 2008).
Studies to date have been performed in systems that are not functioning under their
baseline conditions, and have suggested that a degree of activation or stimulation is
required before the full effects of DAO inhibition or D-serine administration occur.
Fernandez-Espejo and colleagues reported that injection of D-serine and sodium
benzoate into the VTA were able to enhance expression of behavioural sensitisation to
cocaine, a process believed to involve the VTA, but had no effect on behaviour when
administered alone, in the absence of any cocaine (Fernandez-Espejo et al., 2008). In a
microdialysis study, Smith and colleagues (2009) found that systemic administration of
D-serine in rats decreased amphetamine-evoked DA release in the nucleus accumbens
shell when compared with vehicle, but did not affect basal DA levels (Smith et al., 2009).
Also in this study, D-serine significantly attenuated amphetamine-induced psychomotor
activity, but had no effect on spontaneous activity (Smith et al., 2009). In a further paper

by Adage and co-workers (2008), chronic administration of the DAO inhibitor AS057278
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was shown to significantly normalise PCP-induced hyperlocomotion, despite having no

effect on general locomotion (Adage et al., 2008).

All the above studies show effects of D-serine administration or DAO inhibition in the
context of a prior dopaminergic or glutamatergic intervention. Translating this to the
current experiments, it may be that before the full effects of the intra-VTA manipulations of
D-serine can be seen, blockade of NMDA receptors may be required. Although the effects
observed in the resting state remain equivocal, the effects in a brain with hypofunctioning
NMDA receptors may be more robust. Animal models may be useful in this regard; it
would be interesting to investigate the effects of intra-VTA injections of D-serine and/or
DAO inhibitors in animals that have been administered an NMDA receptor antagonist,
such as PCP or MK801. Furthermore, genetically altered animals, such as those with a
VTA-specific inactivation of NMDA receptors on DA neurons (Zweifel et al., 2011; Wang
et al., 2011), could be used in order to test the hypothesis that the effects of intra-VTA
injections of D-serine or DAO inhibitors are specific to activation of NMDA receptors. In
those animals in which NMDA receptors on DA neurons are inactivated, no effects on
DA/DOPAC/HVA levels in the mPFC would be expected as a result of administration of
D-serine or DAO inhibitors. Furthermore, DAO knockout mice (such as those described in
Chapter 5) may also be very useful in assessing the specificity of the DAO inhibitors;
injection of a DAO inhibitor into the VTA of a DAO knockout mouse should have no effect

on D-serine levels, NMDA receptor function or DA neuron activation.
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In summary, this chapter has shown that injecting D-serine and/or a DAO inhibitor into the
VTA has an activating effect on the mesocortical DA system. This provides support for the
hypothesis that both D-serine and DAO have a functional role in NMDA receptor
modulation in the VTA, which can, in turn, affect levels of DA and its metabolites in the
mPFC. This may be a contributing factor to the effects of systemic DAO inhibition and

D-serine administration on cortical DA metabolites seen in Chapter 3.
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Chapter 5:
The expression of dopamine-related

genes in the PFC of DAO knockout mice

141



Chapter 5: Expression of DA-related genes in DAO knockout mice

5.1 Background

During the course of this thesis, a new strain of DAO knockout mice became available,
providing an ideal model with which to examine the role of constitutive DAO activity. In
Chapter 2, the expression of both DAO mRNA and protein was observed in the VTA,
which was particularly interesting given its role as the source of mesocortical and
mesolimbic DA neurons. In Chapters 3 and 4, DAO inhibition and D-serine administration,
both systemically and locally in the VTA, resulted in increases in DA and/or its metabolites
in the PFC of the rat in vivo. This suggested that DAO may have a role in modulating
cortical DA, possibly via its activity in the VTA. These mice, therefore, provided the
opportunity to compare the potential effects of the constitutive presence or absence of

DAO activity on cortical DA, and to assess its potential role in cortical DA modulation.

Over several decades, the naturally occurring ddY/DAO- mutant mouse (Konno and
Yasumura, 1983; Sasaki et al., 1992) has been studied, which lacks DAO activity due to a
single glycine-arginine substitution at position 181 (Gly181Arg; Sasaki et al., 1992). These
mice show elevated levels of DAO substrates in most brain regions (Morikawa et al.,
2001), and as such, have been very useful tools for investigating the effects of
constitutively elevated D-amino acid levels in the brain on NMDA receptor-mediated
processes. Indeed, several studies have studied the effects of drugs acting at the NMDA

receptor in ddY/DAO™ mice, and compared behavioural measures with wild-types.

One study investigated the effects of acute challenge with MK801 (an NMDA receptor
antagonist), and found that whereas MK801 induced severe stereotyped behaviours in
wild-types, the ddY/DAO” mutants showed significant attenuation of the stereotypy, in
addition to a reduced cumulative ataxia score (Hashimoto et al., 2005a). The authors
postulated that enhanced D-serine levels in the ddY/DAO™ mice antagonised the

behavioural effects of the MK801, suggesting that elevated D-serine levels could be
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relevant in reversing NMDA receptor hypofunction. In a further study, phencyclidine (PCP,
another NMDA receptor antagonist) was administered in the context of habituated
locomotor activity, and whereas wild-type mice became hyperlocomotive, the ddY/DAO™
mice did not (Almond et al., 2006). Again, this was suggestive of increased NMDA
receptor function in the ddY/DAO” mice, compensating for the effects of MKS801.
Interestingly, the authors also investigated levels of cerebellar cGMP in the ddY/DAO™
mice compared with wild-types, both under basal and harmaline-stimulated conditions.
Cerebellar cGMP is an in vivo indicator of NMDA receptor-mediated activity (Wood et al.,
1994) and harmaline is an NMDA receptor agonist (Du et al., 1997); as such, harmaline
administration would be expected to cause an increase in cerebellar cGMP. Under basal
conditions, there was no difference between the ddY/DAO™ mice and wild-types in levels
of cGMP, but when stimulated with harmaline, there was a significantly greater increase in
cGMP in the mice lacking functional DAO than in the wild-types (Almond et al., 2006).
This suggested that although basal NMDA receptor function was not different between the
two groups, the mutant mice displayed enhanced NMDA receptor function when
stimulated. Indeed, the mutant mice have also been shown to have enhanced NMDA
receptor-mediated excitatory postsynaptic currents in spinal cord dorsal horn neurons

(Wake et al., 2001).

Taken together, these studies suggest that constitutive absence of DAO activity in the
ddY/DAO™ mouse results in increased NMDA receptor function, putatively via increased
D-serine levels in the brain. However, no known studies have investigated possible
effects of DAO knockout on the DA system. In Chapters 3 and 4 of this thesis, DAO
inhibition and D-serine administration in vivo (both systemic and intracranial) were shown
to increase extracellular levels of DA and/or its metabolites in the mPFC. Based on these
results, it is interesting to consider that mice constitutively lacking DAO activity may also

have altered levels of DA in the PFC.
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5.2 Summary and aims

No known studies had investigated the effects of DAO knockout on the DA system, and a
new DAO knockout mouse was available. The aim of this chapter was therefore to
perform some initial pilot studies investigating the effects of constitutive DAO knockout on
the DA system. The expression of DA-related genes in the PFC of DAO knockout mice
was measured, and compared with expression in heterozygote and wild-type mice. First,
the mice were genotyped and the expression of DAO confirmed at the protein level using
Western blot analysis. Then, quantitative real-time PCR (qRT-PCR) was used to
investigate the expression of various DA-related genes in the PFC of the mice.
Specifically, expression of COMT (Comt, a metabolising enzyme of DA), the D1 receptor

(Drd1a) and the D2 receptor (Drd2) were quantified and compared.
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5.3 Methods

5.3.1 DAO knockout mice

DAO mutant mice were obtained as a gift from Pfizer. The mutations were generated in
embryonic stem cells from 129Sv/Ev mice (Taconic). Briefly, 1957 base pairs
encompassing exons 7-8 of Daol were deleted by standard homologous recombination
(TG-ESO01-01 ESMO7, Eurogentec), and the stem cells then inserted back into the
embryo. Colonies were maintained as heterozygotes, and knockout and wild-type

populations derived from heterozygote (x heterozygote) matings.

5.3.1.1 Prior characterisation

The mice were examined at Pfizer before arriving in Oxford. There was a statistically
significant increase in tissue D-serine levels in the cerebellum of knockouts versus wild-
types. There was also a trend towards significance in tissue D-serine levels in the
hippocampus, but no difference in D-serine levels in the striatum or cortex. These findings
were consistent with studies of the traditional ddY/DAO- knockout animals, which also
show increases in D-serine largely confined to the cerebellum (Hashimoto et al., 1993b).
The knockout mice also displayed a significant increase in cerebellar cGMP levels in
response to harmaline [an NMDA receptor agonist; (Du et al., 1997)] when compared with
wild-type (p<0.05), but no difference in cGMP response to vehicle treatment. This
suggested that these mice show no increase in tonic NMDA receptor-mediated
neurotransmission, but that they show enhanced NMDA receptor function under

conditions of stimulation.

Mice were firstly genotyped using PCR by Dr Judith Schweimer. The following procedures

were then run blind to genotype.
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5.3.2 Western blotting

This work was carried out in collaboration with Dr Phil Burnet and Simone Paulson.

Mice (4 months old; both male and female) were given a lethal injection of
pentobarbitone, decapitated and their brains removed. Half the cerebellum was removed
and this, along with the rest of the brain, was snap-frozen in isopentane. Protein was
extracted from the cerebellum halves using standard procedures, and the concentration
measured using a Bradford assay. Extracts were diluted in RIPA buffer to a final

concentration of 5ug protein in 12l.

A 12% SDS/polyacrylamide resolving gel was made up in a total volume of 5ml,
containing the following: 1.6ml dH,0, 2ml 30% acrylamide mix, 1.3ml 1.5M Tris (pH 8.8),
50pl 10% sodium dodecyl sulphate (SDS), 50ul 10% ammonium persulphate, 2pl
TEMED. This was left to set. Once set, a 5% SDS/polyacrylamide stacking gel was added
(and combs inserted), made up in a volume of 2ml as follows: 1.4ml dH,0, 330ul 30 %
acrylamide mix, 250yl 1.0M Tris (pH 6.8), 20pl 10% SDS, 20yl 10% ammonium

persulphate, 2ul TEMED.

A 5X loading buffer was prepared in a 20ml mix containing the following: 1.6g 0.5M Tris
HCL, 2g 10% SDS, 10ml 50% glycerol, 20ug 0.1% Bromophenol blue, 1ml 5% [-
mercaptoethanol. The protein samples prepared above were then mixed with loading
buffer at a ratio of 4:1 and boiled for 10 minutes before being quenched on ice for 2
minutes. The mixture was then centrifuged and loaded onto the gel stack along with
BIORAD Kaleidoscope prestained standards (Hercules, CA). The gel was run for
approximately 2 hours at 100mV in a tank containing 5X running buffer, made up in 2 litre

stock (containing 30.2g Tris base, 188g glycine, 100ml 10% SDS).

A 4 litre 20X stock of transfer buffer was made, containing 290g glycine, 580g Tris base

and 37g SDS diluted in dH,0. 50ml of this was then diluted to 1x by adding 750ml dH,0
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and 200ml methanol. A polyvinyl difluoride membrane (Immobilon®-P Transfer Membrane,
Millipore) was soaked in methanol for 5 minutes, dH,0 for a further 2 minutes and finally
briefly in transfer buffer. Two sponges and two pieces of filter paper were also soaked in
transfer buffer. The gels were removed from the electrophoresis tank, the stacking gel
discarded and the resolving gel adhered to the filter paper. The gel was then stacked into
a ‘transfer sandwich’, as per Figure 46 below, and the transfer run overnight at 25V in a

tank containing 1x transfer buffer.

[ ] Clear plate

[ ] Sponge

_____________________ Filter paper

Membrane
[ ] Gel

————————————————————— Fllter pa per

[ ] Sponge

[ Black plate

Figure 46. ‘Transfer sandwich’ wused for transfer of protein from
SDS/polyacrylamide gel to a polyvinyl difluoride membrane.

The membrane was removed from the transfer stack and blocked for 1 hour in PBST (1X
PBS with 0.1% Tween 20) containing 2% non-fat milk (Marvel) with constant agitation.
The membrane then underwent a 1-hour exposure to either a rabbit polyclonal DAO
antibody (GSK1845, as used in Chapter 2), diluted in PBST containing 1% BSA (bovine
serum albumin) to a concentration of 1:1000, or a mouse B-actin antibody (AbCam
ab6276) at a concentration of 1:50,000 (to be used as a housekeeping gene). This was

followed by three 15-minute washes in PBST. The membrane was then exposed to a
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secondary horseradish peroxidise-conjugated antibody for 30 minutes; either goat anti-
rabbit antibody (BioRad 172-1019) at a concentration of 1:10,000, or goat anti-mouse
(BioRad 172-1011) at 1:5000, both diluted in PBST containing 2% milk. After a further
three 15-minute washes in PBST, the membrane was visualised using the ‘ECL Plus’ kit
(GE Healthcare, Amersham, UK) and exposed to X-ray film (Kodak). Films were
magnified and inspected using a lightbox and camera, and MCID Elite software was used
to measure the density of the bands (by Dr Phil Burnet and Simone Paulson). The DAO
signal was normalised to the B-actin signal, and the samples unblinded and grouped by

genotype. Data were analysed using a one-way ANOVA in SPSS (version 17.0).

5.3.3 gRT-PCR

Sections were taken from the snap-frozen PFC of the mice sacrificed above (by Li Chen).
RNA was extracted from sections from each animal before the corresponding cDNA was
produced using standard reverse transcriptase methods (by Mary Walker/Dr Phil Burnet).
The concentrations of all cDNA samples were then measured, and each was diluted to
100ng/pl. 9ul of each sample was added to a central cDNA pool (with which standard
curves were to be run). Serial dilutions were then made of this central pool, from 100ng/pl

to 0.39ng/ul, by diluting with nuclease-free water.

384-well PCR plates were loaded with 3yl triplicates of the standard serial dilution. To
each well was then added 9ul of ‘master mix’, containing 2.4ul nuclease-free water, 6yl
Tagman® Mastermix (Universal PCR Master Mix, No AmpErase® UNG, Applied
Biosystems™) and 0.6ul of either a mouse Comt, Drd1la or Drd2 quantitative PCR probe
(Mm00514377_m1, Mm01353211 _ml1, or Mm00438545 m1l, respectively; Tagman®
Gene Expression Assays, Applied Biosystems™). The plate was then sealed and
centrifuged, and analysed using a 7900HT Fast Real-Time PCR System (Applied

Biosystems™) with SDS 2.2.2 Software. gRT-PCR conditions consisted of an initial 10
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minute period at 95°C, the 40 cycles of 95°C for 15 seconds followed by 60°C for 1
minute. Standard curves for each of Drdla, Drd2 and Comt were plotted and inspected
for an approximate mid-point, and the cDNA concentration at that approximate point
noted. This was then selected as appropriate for the concentration of the individual cDNA
samples to be run, as it was well within the detectable range. This was 20ng per well for

each gene.

5ul of each cDNA sample was then individually diluted with 70pul of nuclease-free water to
create a cDNA concentration of 6.67ng/ul (such that 3ul contained 20ng cDNA). 384-well
plates were then loaded with either 3pl of a standard dilution or 3ul of an individual cDNA
sample (in triplicate), before 9ul of mastermix was added to each (as above). Probes for
the standard housekeeping genes transferrin receptor (Tfrc) and $-2-microglobulin (B2m)
were also run, in order to provide a control reference point (Mm00441941 _ml1 and
MmO00437762_m1, respectively; Tagman® Gene Expression Assays, Applied
Biosystems™). A standard curve and full set of cDNA samples in triplicate for each probe
were present on a single plate. The plates were sealed and centrifuged, before being run
through the gqRT-PCR system and analysed as above. Standard curves for each probe
were plotted, and then individual cDNA samples quantified using comparison with the
standard curve. The values for the two housekeeping genes for each sample were
averaged, and all other measurements for the same sample normalised to this

housekeeping value.

For analysis, samples were unblinded and grouped into wild-types (n=6), heterozygotes
(n=8) and DAO knockouts (n=5). Each group was analysed using a Grubbs Test for
outliers, and resulted in one outlier being removed from the DAO knockout group in the
analysis of the Drd2 gene. Groups were then compared statistically using a univariate
ANOVA and Scheffe post-hoc testing (where the ANOVA was significant) in SPSS

(version 17.0). In addition, wild-types and heterozygotes were then compiled into a single
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group and compared with knockouts, in order to compare the effects of no DAO activity at

all with some DAO activity. The statistical analysis was repeated.
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5.4 Results

5.4.1 Western blot

Western blot analysis assessed the expression of DAO protein in each mouse. DAO was
detected as a single band of 37KDa. No DAO protein was detected in knockout mice
(Figure 48). When DAO wild-types were compared with heterozygotes, heterozygotes
were shown to express significantly less DAO when signal measurements were quantified
using a lightbox and MCID software and normalised to B-actin (WT: 0.77+0.06, Het:

0.45+0.06, p<0.05; Figure 48).
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Figure 47. Autoradiographs of DAO and B-actin immunoreactivity in cerebellar
protein extracts from DAO wild-type, heterozygote and knockout mice. No band is

seen in the knockout lane.
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Figure 48.Quantification of DAO signal in Western blots of cerebellar protein taken
from DAO wild-type, heterozygote and knockout mice, normalised to B-actin. Plot

shows mean with S.E.M., p<0.05.
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5.4.2 qRT-PCR
gRT-PCR allowed for the successful amplification and detection of mRNA from the
standard dilution series and PFC samples. Figure 49 below shows an example

amplification plot and standard curve from gqRT—PCR of the housekeeping gene B2m.
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Figure 49. Amplification plot (A) and standard curve (B) following qRT-PCR of B2m
in the PFC. (A) Amplification plot of B2m in a standard dilution series. Red horizontal line
indicates the threshold at which the standards were quantified. (B) Standard curve plotted
with data taken from the amplification plot in (A). Blue squares indicate standard dilution
series, and red crosses represent measurement of unknown samples in comparison with
the curve.
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There was a significant effect of genotype on expression of Comt when the three animal
groups were analysed individually [F(2,16)=4.775, p=0.024; Figure 50]. Scheffe post-hoc
analysis revealed a significant increase in the expression of Comt in the knockout mice
when compared with heterozygotes (p=0.028), but no difference between wild-type and
knockout animals (p=0.514) or wild-type and heterozygote animals (p=0.210). When wild-
types and heterozygotes were grouped together, there was a significant increase in Comt
expression in the knockout animals when compared with this group [F(1,17)=5.328,

p=0.034; Figure 51].

There was no difference in the expression of Drdla in the PFC between wild-type,
heterozygote and knockout mice (Figure 52). Statistical analysis of Drdla expression
across the three groups revealed no main effect of genotype [F(2,16)=1.660, p=0.221].
When the wild-types and heterozygotes were collected into a single group, there was no
difference between this group and the knockouts, although there was a trend towards a

significant increase in the knockouts [F(1,17)=3.478, p=0.08; Figure 53].

There was a trend towards a main effect of genotype on Drd2 expression when the three
groups were analysed individually [F(2,15)=2.785, p=0.094; Figure 54]. Grouping of the
wild-types and heterozygotes revealed a significant difference between these animals and
the knockouts, with the knockouts showing greater expression of Drd2 [F(1,16)=5.837,

p=0.028; Figure 55].
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Figure 50. Normalised expression of Comt in the PFC of DAO wild-type,
heterozygote and knockout mice, measured using qRT—-PCR. Plot shows mean with
S.E.M.; *p<0.05.
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Figure 51. Normalised expression of Comt in the PFC of DAO wild-type,
heterozygote and knockout mice, measured using qRT-PCR. Wild-type and
heterozygote animals are grouped together. Plot shows mean with S.E.M.; *p<0.05.
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Figure 52. Normalised expression of Drdla in the PFC of DAO wild-type,
heterozygote and knockout mice, measured using qRT—PCR. Plot shows mean with
S.E.M..
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Figure 53. Normalised expression of Drdla in the PFC of DAO wild-type,
heterozygote and knockout mice, measured using qRT-PCR. Wild-type and
heterozygote animals are grouped together. Plot shows mean with S.E.M..
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Figure 54. Normalised expression of Drd2 in the PFC of DAO wild-type,
heterozygote and knockout mice, measured using qRT—-PCR. Plot shows mean with
S.E.M..
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Figure 55. Normalised expression of Drd2 in the PFC of DAO wild-type,
heterozygote and knockout mice, measured using qRT-PCR. Wild-type and
heterozygote animals are grouped together. Plot shows mean with S.E.M.; *p<0.05.
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5.5 Discussion

In this chapter, western blotting confirmed that the DAO knockout mice did not express
any DAO protein (Figure 48). DAO heterozygote mice were shown to express significantly
less DAO protein than wild-types, suggesting a gene-dosage effect on protein levels
(Figure 48). Pilot studies then suggested that expression of the DA-related genes Comt
and Drd2 were elevated in the PFC of DAO knockout mice when compared with a
combined group of wild-type and heterozygous mice. Furthermore, there was a trend
towards an increase in the expression of Drdla (p=0.08). Together, these results imply
that there may be alterations in DA transmission in the PFC of the knockout mice when

compared with wild-types and heterozygotes.

Comt is a metabolising enzyme of DA and important for modulating DA levels in the PFC
(Tunbridge et al.,, 2004). In Chapters 3 and 4, acute inhibition of DAO produced an
increase in levels of DA and/or its metabolites in the PFC, and so it is attractive to assume
that DA levels may also be increased in the PFC of the knockout mice. If so, the observed
increase in expression of Comt mRNA may represent a homeostatic response in
postsynaptic neurons, in order to maintain control of levels of DA in the PFC through
increased DA metabolism following uptake from the synaptic cleft. However, the
expression of Drd2 mRNA, and putatively Drdla, was also increased in the knockout
mice. Upregulation of receptor expression usually occurs in response to reduced levels of
a neurotransmitter, and so these results suggest that DA levels may, instead, be
decreased. It is also possible that the increase in expression of Comt, Drd2 and
potentially Drd1la observed in the knockout mice is not reflective of a detectable change in
DA levels in the PFC, but that it merely represents a ‘molecular reshuffling’ in response to
a lack of DAO. Furthermore, the differences in expression, despite being statistically
significant, are of small magnitude (especially in the case of COMT), and so may not be

physiologically relevant.
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DAO expression is globally abolished in the knockout mice, and so it is not possible to
attribute any putative change in DA function to any specific location or pathway,
regardless of the nature of the change. For example, effects may be mediated via an
increase in D-serine levels in the cerebellum, given that DAO is most robustly expressed
there in the healthy adult brain. Evidence suggests that the cerebellum can modulate DA
function in the PFC, and that disrupted Purkinje cell output from the cerebellum may result
in abnormal DA transmission in the PFC (Mittleman et al., 2008). In Chapter 2 of this
thesis, DAO was shown to be present in glia surrounding Purkinje cells, and was
suggested to be serving to minimise D-serine levels in the locality. It is therefore possible
that elevated D-serine levels in the cerebellum as a result of constitutive DAO knockout
may result in disrupted Purkinje cell output, and consequently affect levels of DA in the
PFC of these animals. The cerebellar-PFC connection is also partially reliant on NMDA
receptor function in the VTA (Rogers et al., 2011), and since DA output from the VTA is
modulated by NMDA receptors (see e.g. Bennett and Gronier, 2007), a lack of DAO
activity in the VTA in the DAO knockout mice may also contribute to a potential disruption

in this system.

This initial study of DA-related genes in DAO knockout mice had several limitations. First,
the number of animals in each of the study groups was small, especially in the knockout
group (where n=4 or n=5). Increasing the number of animals in each group would allow
for more robust comparison of gene expression. Second, this study has only assessed
the mRNA expression of Drdla, Drd2 and Comt in the PFC. Measures beyond the
expression of mMRNA would also be important in developing these initial investigations; for
example quantification of protein expression, or enzyme activity (in the case of Comt), to
assess whether changes in mRNA levels are reflective of a physiological relevant

increase. gRT-PCR could also be used to probe the expression of other DA-related genes
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in the PFC, such as other DA receptors (e.g. Drd4) and the DA transporter DAT. The
expression of genes relevant to the NMDA receptor could also be measured, to evaluate
the potential effects of the knockout on NMDA receptor function. For example, expression
of the D-serine transporter Asc-1 could be measured, in order to assess potential
upregulation of the transporter in order to maintain homeostasis with putative increased
levels of D-serine. Similarly, the expression of serine racemase may be important, as the
enzyme may be downregulated in response to a lack of DAO, reducing synthesis of
D-serine and helping to maintain physiologically relevant D-serine levels. The expression
of the NR1 subunit of the NMDA receptor (upon which the glycine site is located) could
also be considered, to assess potential upregulation of this subunit in response to
increased D-serine availability. Together, these studies may allow clearer links to be
made between changes in DA transmission in the PFC of the knockout animals with

altered glutamatergic signalling.

Finally, in order to more fully and directly investigate the effects of DAO knockout on DA
function in the PFC, levels of DA itself need to be measured, perhaps by measuring tissue
DA levels in postmortem brains, or measuring DA in the PFC using in vivo microdialysis
or voltammetry. It would also be interesting to consider the effects of the DAO knockout
on NMDA receptor-mediated DA neuron firing in the VTA. Indeed, early in vivo
electrophysiology results suggest that DA neurons in the VTA of some DAO knockout
animals show increased burst firing when compared with heterozygotes and wild-types
(Dr Judith Schweimer, personal communication). Given that burst firing is NMDA
receptor-dependent (see Overton and Clark, 1997), this is suggestive of an increase in

NMDA receptor function in these animals.
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Taken together, the results of this chapter are consistent with an alteration in DA levels in
the PFC of mice lacking DAO activity when compared with wild-types and heterozygotes.
This supports the hypothesis that DAO and D-serine play a role in modulating the
mesocortical DA system in vivo. However, this chapter represents a pilot study, and
further investigation is needed to characterise the changes reported here, and to establish

their origins and functional implications.
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DAO is the metabolising enzyme of D-serine, an endogenous agonist at the glycine site of
the NMDA receptor. As such, DAO has the potential to indirectly modulate NMDA
receptor function. NMDA receptors modulate the firing of VTA DA neurons (e.g. Chergui
et al., 1993) and as such, DAO may play an indirect, yet physiologically important, role in

the control of DA output along the mesocortical and mesolimbic pathways in the brain.

DAO has been identified as a candidate gene for schizophrenia (Chumakov et al., 2002),
and its expression and activity have been shown to be increased in patients with the
disorder (Kapoor et al., 2006; Verrall et al., 2007; Burnet et al., 2008; Madeira et al.,
2008), while decreased D-serine levels have been observed in the serum and
cerebrospinal fluid (Hashimoto et al., 2003; Hashimoto et al., 2005b). DAO inhibition, and

its potential to elevate D-serine levels, may therefore be therapeutically relevant.

The full expression pattern of DAO in the brain remains unclear, and the extent of its

physiological importance is unknown. This work therefore had three major aims:

1. to further investigate the regional and cellular expression of DAO in the rat

brain, with a focus on the VTA

2. toinvestigate potential links between DAO activity, D-amino acid levels, NMDA

receptor activation and the mesocortical DA system in the rat brain

3. to investigate the effects of genetically abolishing DAO activity on the

expression of DA genes in the PFC of mice.

Each of these aims will be considered in turn.
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6.1 Theregional and cellular expression of DAO in the rat brain

In Chapter 2, investigations were carried out into the regional and cellular expression of
DAO in the rat brain. Specifically, the question of whether or not DAO is present in the
VTA was addressed, as well as the question of the cell type in which is it expressed, both

there and in the cerebellum.

ISHH and immunofluorescence studies provided clear evidence that both DAO mRNA
and protein were expressed in the adult rat VTA. However, the expression pattern was
complex: DAO immunoreactivity was observed in both neurons and glia, and of the
neurons, some were TH-positive and some were TH-negative. TH immunoreactivity is a
marker of dopaminergic cells, and as such, it seems that DAO is expressed in, although
not confined to, dopaminergic neurons in the VTA, as well as in glia. This is the first
known study to date to confirm the expression of DAO in the rat VTA, and to further
explore its cellular localisation in this region. It is also one of few studies to report DAO
expression in neurons, with only two other studies reporting a neuronal localisation for

DAO (Moreno et al., 1999; Verrall et al., 2007).

In the adult rat cerebellum, both DAO mRNA and protein were expressed predominantly
in glia, as assessed by ISHH and immunofluorescence studies. The protein appeared not
to be expressed in Purkinje cells, but rather in glial processes enveloping Purkinje cell
bodies and extending into the molecular layer, which were identified as the putative
processes of Bergmann glia via labelling with a GFAP antibody. This is in accordance
with numerous other studies; DAO expression has been repeatedly reported in Bergmann
glia (Weimar and Neims, 1977b; Weimar and Neims, 1977a; Horiike et al., 1987; Verrall
et al., 2007; Ono et al., 2009; Moreno et al., 1999). The results of these studies therefore

support the notion that DAO is a glial enzyme in the cerebellum.

The results of this chapter suggested that the traditional view of DAO as a hindbrain
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enzyme confined to glia is outdated. Its expression extends beyond the hindbrain, and
into neurons as well as glia. This may have important physiological consequences, and
opens several new avenues for investigation into the functional relevance of DAO

expression throughout the brain.

The expression of DAO in the VTA is particularly interesting in the context of the DA
system. The VTA is the source of the mesocortical and mesolimbic DA pathways, and
dopaminergic output from the VTA is regulated by NMDA receptors (see e.g. Bennett and
Gronier, 2007). It is therefore conceivable that DAO, and its regulation of D-amino acid
levels, plays a pivotal role in the modulation of these NMDA receptors, thus indirectly
mediating mesocortical and mesolimbic DA function. DAO expression and activity may
also be physiologically relevant in other brain areas where NMDA receptor function is

critical; for example, in the generation of long-term potentiation in the hippocampus.

Interestingly, in the VTA, DAO was shown to be expressed in both neurons and glia, and
of the neurons, some were TH-positive and some were TH-negative. This suggests that
the enzyme is expressed in dopaminergic neurons in this brain region, but also in non-
dopaminergic neurons. Further studies in this brain region would therefore include the
identification of these non-dopaminergic neurons. Around 30% of VTA neurons are
GABA-ergic (Dobi et al., 2010), and so it would be interesting to carry out further
immunofluorescence studies in this region with concurrent DAO and GAD67 (a marker of
GABA-ergic neurons) labelling. Furthermore, the VTA contains a population of neurons
that are glutamatergic (Yamaguchi et al., 2007), and so double-labelling could be carried
out with an antibody for VGLUT2 (the vesicular glutamate transporter). These studies
would also allow for further investigation into the recent proposals that some VTA neurons

release both DA and glutamate (e.g. Hnasko et al., 2010).
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This study provided evidence that the cellular expression of DAO varies between brain
regions, and that whereas DAO appeared to be expressed in both neurons and glia in the
VTA, it was confined to glia in the cerebellum. This begs the question: what are the
implications of the expression of DAO in different cell types? Traditionally, DAO was
thought to be confined to peroxisomes of glia, metabolising D-serine that had been
transported back into the glia following its release and action at NMDA receptors.
However, a recent study has provided evidence that DAO interacts with various proteins
in the presynaptic zone, including Bassoon, which inhibits the enzymatic activity of DAO
(Popiolek et al.,, 2011). This interaction may be important in the regulation of D-serine
levels. Bassoon expression, however, has not been detected in glia, which suggests that
these interactions only occur in neurons, and that the regulation of DAO by Bassoon is
specific to neurons. In brain regions where DAO is glial, its activity may be regulated in
another way. This suggests that DAO may have varying functions in different brain
regions, being expressed in different compartments of different cell types, and being

regulated in different ways in each.

Although this thesis has considered the expression of DAO at the level of both mRNA and
protein, the activity of DAO in the VTA, and indeed in other brain regions, has not been
unequivocally confirmed. This may be a very important factor: for example, in the cortex,
DAO mRNA is abundant and DAO protein is detectable (Sacchi et al., 2008; Verrall et al.,
2007; Kapoor et al., 2006), but its activity is only a fraction of that in the cerebellum
(Neims et al., 1966; Madeira et al., 2008; Weimar and Neims, 1977b). The presence of
DAO in the VTA is not necessarily evident of its function therein, and activity should, itself,

be confirmed.
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6.2 The potential links between DAO activity, D-amino acid levels, NMDA
receptor activation and mesocortical DA system function in the rat
brain

In Chapter 3, the study focus moved to the potential link between DAO activity and the DA
system in the adult brain. In schizophrenia, DAO expression and activity in the brain are
increased (Kapoor et al., 2006; Verrall et al., 2007; Burnet et al., 2008; Madeira et al.,
2008), and D-serine levels in the serum and cerebrospinal fluid are decreased
(Hashimoto et al., 2003; Hashimoto et al., 2005b). Some clinical trials with D-serine have
shown a moderate but favourable effect in treating cognitive and negative symptoms
(Coyle et al., 2003; Javitt et al., 2007; Kantrowitz et al., 2010). These symptoms are
thought to originate from the PFC, with hypofunction of the mesocortical dopaminergic
pathway being a major contributor (Davis et al., 1991). As such, it is possible that
treatment with D-serine in schizophrenia may improve negative and cognitive symptoms
by increasing DA levels in the PFC. Therefore, in Chapter 3, studies using in vivo
microdialysis were carried out to investigate the effects of pharmacologically manipulating

D-serine levels on extracellular DA in the PFC.

In the anaesthetised rat, significant elevations in extracellular levels of DOPAC and HVA
(DA metabolites) were observed in the PFC following systemic injection of exogenous
D-serine together with sodium benzoate (a DAO inhibitor). However, levels of DA itself did
not change. Several explanations exist for this observation. First, it may be that whereas
extracellular levels of DA in the PFC were not elevated, the turnover of DA in the
mesocortical neurons was increased. The majority of DOPAC and HVA formed in the
brain are as a result of the breakdown of newly synthesised intracellular DA (Zetterstrom
et al., 1988), and so it is possible that the observed increase in the DA metabolites is
representative of an increase in the synthesis of DA, which is not necessarily being
released. Second, it may be that stimulation of DA release is required before the effects of

D-serine elevation become appreciable. Indeed, in a study of the effects of D-serine
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administration on DA levels in the nucleus accumbens shell, D-serine alone had no effect,
but when an amphetamine challenge was given, the peak in DA levels observed was
reduced in animals treated with D-serine (Smith et al., 2009). Third, temporal aspects may
play a role. In a report published after completion of this study, Bannai and colleagues
reported that oral D-serine administration in rats yielded a transient (0-10 mins), yet
significant, DA increase in the PFC, which then rapidly returned to baseline (Bannai et al.,
2011). Any such transient increases in DA may not have been detected in the present

study.

D-serine was putatively elevated throughout the brain as a result of the systemic
injections, and so the effects on DA may be caused by several possible processes.
Elevated D-serine levels may directly affect DA terminals in the PFC, for example by
increasing stimulation of presynaptic NMDA receptors, which may have a knock-on effect
on DA metabolism. Another possibility is that the primary effect of the D-serine elevation
lies within the cerebellum. Finally, it is possible that elevated D-serine levels in the VTA as
a result of the systemic injections is resulting in increased NMDA receptor activation on

mesocortical DA neurons, culminating in an increase in their activity.

This study provided some evidence that the systemic administration of D-serine and a
DAO inhibitor affected levels of DA metabolites in the PFC. This supports the theory that
clinical trials with D-serine may have their positive effects on negative and cognitive
symptoms of schizophrenia via effects on mesocortical DA. The hypothesis that elevated
D-serine levels in the VTA may result in increased activation of mesocortical DA neurons
was selected as a route for further investigation. Experiments were performed in Chapter
4 to specifically probe the role of D-serine and DAO in the VTA on levels of DA and its
metabolites in the PFC. In vivo microdialysis was again used to measure levels of DA and
its metabolites in the mPFC of anaesthetised rats, while D-serine and DAO inhibitors were

administered directly into the VTA.
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Injection of D-serine directly into the VTA resulted in a significant increase in levels of
DOPAC and HVA in the PFC, but had no effect on levels of DA. Similarly, when sodium
benzoate was injected, there was a significant increase in levels of DOPAC and HVA, but
this time the increases were accompanied by a significant elevation in extracellular DA.
Finally, when both D-serine and sodium benzoate were administered together, there was
a significant increase in levels of DA in the PFC, but no effect on levels of DOPAC or HVA
at any individual time point. Together, though complex, these results provided evidence
that manipulation of DAO activity and D-serine levels in the VTA had a positive effect on
mesocortical DA neuron activity. This provides evidence of a potential role for DAO in the

VTA in modulating cortical DA.

These seemingly complex results may be explained by a theory of NMDA receptor
internalisation, in which the receptors may rapidly internalise following large elevations in
D-serine (see Chapter 4). In vivo microdialysis may not have sufficient time resolution to
capture the physiological effects that are occurring, according to this hypothesis. The
proposed NMDA receptor internalisation theory necessitates the measurement of the
firing rates of VTA DA neurons after intra-VTA administration of D-serine and/or sodium
benzoate. Additional intra-VTA injections of different doses of D-serine, in combination
with a measurement of receptor internalisation, would also be valuable, in order to
investigate a potential threshold for maximum D-serine levels in the VTA before receptor

internalisation is primed.

Numerous additional experiments may also allow for further characterisation of the link
between DAO, the VTA and the mesocortical DA system. Genetically altered animals,
such as those with a VTA-specific inactivation of NMDA receptors on DA neurons (Zweifel
et al.,, 2011; Wang et al., 2011), could be used in order to test the hypothesis that the
effects of intra-VTA injections of D-serine or DAO inhibitors are specific to activation of

NMDA receptors. In those animals in which NMDA receptors on DA neurons are
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inactivated, no effects on levels of DA and its metabolites in the PFC would be expected
as a result of administration of D-serine or DAO inhibitors. An inducible VTA-specific DAO
knockout mouse would also be invaluable in the investigation of the role of DAO in the
VTA. The in vivo measurement of extracellular levels of DA in the PFC could again be

investigated, but with the ability to specifically manipulate DAO expression in the VTA.

Studies into the role of the cerebellum in regulating levels of DA in the PFC would be
interesting, in order to assess this potential further component. Local injections of
D-serine or DAO inhibitors directly into the cerebellum while measuring levels of DA and
its metabolites in the PFC would probe the potential role of D-serine in the cerebellum in
modulating cortical DA. Moreover, a recent study showed that the cerebellar-PFC
connection is partially reliant on NMDA receptor function in the VTA (Rogers et al., 2011).
Intra-VTA injections of D-serine and/or DAO inhibitors could be performed while
concurrently stimulating the cerebellum and measuring DA in the PFC, in order to
investigate the potential role of DAO and D-serine in modulating the VTA component of
the cerebellar-PFC connection. Conversely, measurement of the firing rate of VTA DA
neurons could be performed while concurrently measuring DA in the PFC and infusing
DAO inhibitors and/or D-serine into the cerebellum. This would permit the reverse
assessment, and to consider the importance of DAO and D-serine in the cerebellum as

the potential origin of the pathway.

Although in vivo microdialysis is an established method for the measurement of
extracellular DA in the living brain, it is not without its limitations. As discussed above, the
time resolution of the technique is limited, and levels of neurotransmitters in the brain
region of interest can only really be measured on the scale of tens of minutes. The
employment of techniques with a better time resolution may be useful in taking these
studies further; for example in vivo electrophysiology, or voltammetry. This may allow for

a more detailed investigation of the activity of mesocortical DA neurons, including their
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firing rate and release of DA. The current study has also used anaesthetised rats,
introducing the possibility that the effects observed would be different if the rat were
awake and behaving. An interesting next step would therefore be to perform in vivo
microdialysis in awake animals, perhaps combining the procedure with some behavioural

measures to see if any changes in DA have a functionally relevant effect.

It is important to consider the current study results in the therapeutic context.
Administration of D-serine and/or DAO inhibitors in the clinic would be systemic, and so it
is important to think about the other potential effects of an increase in D-serine levels in
the brain. For example, the VTA is also the source of the mesolimbic DA system, which is
believed to be hyperactive in schizophrenia and play a role in the generation of psychotic
symptoms. If an elevation in brain D-serine levels also causes an increase in activation of
mesolimbic DA neurons in patients with schizophrenia, this could therefore have a
potentially detrimental effect. However, evidence from a preclinical study suggests that
the opposite may occur. In vivo microdialysis in the nucleus accumbens shell (an output
region of mesolimbic DA neurons originating in the VTA) revealed that systemic treatment
with D-serine attenuated amphetamine-evoked DA release (Smith et al., 2009). It is
therefore conceivable that systemic treatment with D-serine in the clinical situation would
also reduce the activity of the mesolimbic pathway, while concurrently increasing the
activity of the mesocortical pathway. An interesting study to investigate this notion would
be to use in vivo microdialysis with probes located simultaneously in the PFC and nucleus
accumbens shell, coupled with systemic injections of D-serine and DAO inhibitors. This
would allow for the comparison of the effects of the injection on the two DA systems within
each animal, and perhaps give a snapshot of the potential differential effects of systemic

D-serine administration and DAO inhibition on the DA systems in the clinic.

It is also important to consider how far the results of the current rodent studies can be

extrapolated to humans. A recent paper, published after the completion of the current
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laboratory work, proposed a different role for DAO in rodents than in humans based on
several differences observed between the rat and human enzymes, and suggested that
the rat may not be a good model to use when investigating DAO, D-serine and
schizophrenia (Frattini et al., 2011). The authors reported, for example, differences in
substrate specificity, different kinetic efficiencies and different affinities for DAO inhibitors.
However, this in vitro study was based on various measures of the biochemical properties
of rat DAO that was expressed in E. Coli and compared with the results of a different
study. Whereas there may indeed be differences in the specific biochemical properties of
the enzyme across different species, this does not rule out a role for the rat in providing a
valuable insight into potential physiological effects in humans, as it has previously.
Although the use of the rat is far from perfect, it still represents a useful tool for the
assessment of the potential effects of psychoactive drugs in humans. Until DAO inhibitors

are administered to humans, how accurate the rat is as a model will remain unknown.

Together, the results of chapters 3 and 4 provided evidence that manipulation of D-serine
levels and DAO activity in the brain, both globally and specifically in the VTA, affected
levels of DA and its metabolites in the PFC. This provides support for a link between DAO
and the glutamate and DA systems, and provides an interesting explanation for the
improvements in negative and cognitive symptoms of schizophrenia seen with clinical

D-serine treatment.
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6.3 The effects of genetically abolishing DAO activity on markers of DA
system function

Chapters 3 and 4 provided pharmacological evidence for a link between DAO activity and
the mesocortical DA system. To complement these, pilot investigations were carried out in
novel mouse lacking DAO activity in order to assess the effects of a constitutive absence
of DAO on the expression of DA genes in the PFC. Alterations were observed in the
expression of DA-related genes, with significant increases in the expression of Drd2 and
Comt in the PFC of DAO knockout mice when compared with a combined group of wild
types and heterozygotes. This final chapter therefore provided further evidence that DAO

activity in the brain plays a role in the modulation of DA in the PFC in vivo.

However, this study constituted only a small pilot study of the characteristics of the novel
DAO knockout mouse. These mice represent a valuable opportunity to further study the
physiological relevance of DAO. Numerous additional studies relevant to this thesis could
be carried out, which would critically include a detailed characterisation of the pattern of
D-serine activity in the knockout brain, including the VTA. qRT-PCR could be employed to
probe the expression of other DA genes in the PFC, as well as genes relevant to the
NMDA receptor, which may allow for the characterisation of the DAO knockout mouse
with relevance to the glutamate and DA systems. Measurements of extracellular levels of
DA in the PFC of these mice would be useful for comparing the effects of acute systemic
D-serine administration and/or DAO inhibition (as in the current thesis) and a lifetime
absence of DAO on cortical DA, as well as the effects of the DAO gene dosage (in
heterozygotes and wild-types versus the total knockouts). Measurements of extracellular
DA in the nucleus accumbens would also be interesting, in order to assess the effects of
the knockout on the mesolimbic DA system, and to compare this with the effects on the
mesocortical system. Investigations into the function of VTA DA neurons in the knockout
mice, for example by using in vivo electrophysiology, could provide an interesting means

with which to assess the importance of DAO function in the VTA. The mice would also be
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useful for confirming the effects of the DAO inhibitors in use in the current studies, since
the administration of a DAO inhibitor to a knockout mouse, be it systemic or local to the
VTA, should have no effect. Finally, behavioural tests could be performed with the mice to
probe the effects of any molecular and neurochemical changes observed in the proposed
experiments above. Ideally, individual mice could be behaviourally assessed before, or
during, analysis for neurochemical and molecular changes, to allow for individual

correlation of effects.

The current study represents a small pilot investigation into the effects of constitutive DAO
knockout in the mouse, but provides results consistent with a role for DAO in the
modulation of cortical DA. This novel DAO knockout mouse provides an excellent

opportunity for the further study of the physiological relevance of DAO expression.
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Summary

In summary, this thesis has advanced our understanding of the expression of DAO and its
potential links with the DA system in the context of schizophrenia, although clearly there
are many questions left to be answered. These findings provide the basis for numerous
further studies into the role of DAO throughout the brain, and how its indirect modulation
of NMDA receptors may be physiologically relevant. The data allow for the proposal of a
possible mechanism with which to explain the efficacy of D-serine therapy and DAO
inhibition in the treatment of negative and cognitive symptoms of schizophrenia, and

provide support for its potential future therapeutic use.
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