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- ABSTRACT -

Insights into the functional integration of regulatory exchanges between neuro-,
endocrine- and immune-systems in health and disease, combined with advances in
high-throughput molecular technologies, have provided a foundation for recent
interests in the use of peripheral tissue targets as non-invasive diagnostic indicators
of neuropsychiatric state. Researchers have demonstrated the ability to predict
psychopathological states from human peripheral immune tissue transcriptional
profiles, using microarrays. Although evidence in support of such an approach as a
viable diagnostic avenue within psychiatric settings is accumulating; it remains to be
demonstrated, in an animal model, that transcriptional changes in peripheral tissue

targets are paralleled by specific gene expression changes in neural tissues.

A mouse maternal separation model, with aetiological constructs relevant to
stress- and anxiety disorders, was used to test the hypothesis that gene expression
profiles of circulating peripheral blood mononuclear cells (PBMCs) could be used to
predict stress-related psychological states. Importantly, a muilti-dimensional strategy
involving measures of (1) stress- and anxiety-related behaviours (2) stress-induced
corticosterone responses and (3) microarray gene expression profiles of three brain
regions (prefrontal cortex, hippocampus and hypothalamus), provided substantial
evidence of stress-related differences between maternally separated (MS) and
control animals (SH). Within this context, PBMC microarray data highlighted a set of
50 genes which provided sufficient information to predict the treatment status of
individual samples with 95% accuracy. Moreover, the results demonstrated that
stress-related transcriptome differences in PBMC populations were paralleled by

stress-related gene expression differences in neural target tissues.

Xii



- CHAPTER1 -

Stress and whole body homeostasis:

Emerging perspectives on the molecular basis of psychiatric disorders

1.1INTRODUCTION

The prevalence of neuropsychiatric disorders are assuming pandemic proportions
(Avissar and Schreiber, 2002; The World Health Report 2001) and are projected to
become some of the most important contributors to the world’s disease burden within
the next two decades (Mathers and Loncar, 2006; Murray and Lopez, 1996). In
South Africa, neuropsychiatric disorders are second only to HIV/AIDS in its
contribution to the country’s disease burden (Bradshaw et al, 2003). There is a
growing need for new strategies, both social and cliniical; to counter the burgeoning

impact neuropsychiatric disorders are having on society.

In recent decades, significant technological advances have led to major shifts in
our perceptions regarding the integrated and systemic nature of biological systems.
Concomitantly our understanding of the pathophysiology of complex diseases,
including neuropsychiatric disorders, has changed dramatically from traditional
views. Classically, the nervous and immune systems were viewed as two
operationally independent but complimentary regulatory mechanisms, both
functioning to maintain the integrity of an organism when challenged by stress,
where stress is loosely defined as a state of threatened homeostasis (Pacak and
Palkovits, 2001). The nervous system was known to regulate homeostasis by means
of an intimate connection with the endocrine system (Solomon et al, 2002),
functionally characterized as the neuro-endocrine axis; its role being the regulation of

metabolism and behaviour via a cascade of effector molecules known as hormones.



The immune system was thought to be solely involved in the regulation of
homeostatic disruptions caused by inflammations and antigenic invasions. It is now
understood that interactions between neural, endocrine and immune environments
are intimately integrated into an intricate bi-directional network referred to as the
neuro-endocrine-immune (NEI) axis, constituting one of the principal homeostatic
mechanisms of vertebrates (Wrona, 2006; Dantzer, 2004a; Melmed, 2001; Rabin,
1999; Felten et al., 1991). Dysregulation of components within this network has been
implicated in a diverse range of diseases and ilinesses (Masek et al., 2003; Melmed,
2001; Rabin, 1999). Contemporary psychiatric paradigms have taken cognisance of

these insights, redefining the scope of potential diagnostic and treatment strategies.

Our understanding of the implications of regulatory exchanges, within this
elaborate network, is still far from complete. Nevertheless, an informative picture is
starting to emerge, providing a contextual framework for the interpretation of
homeostatic disruptions within psychiatric contexts. Existing perspectives can be
summarised by focussing on three important themes: (1) The current body of
evidence, in general terms, which support the existence of an integrated neuro-
endocrine-immune axis, (2) the nature and physiological effects of these interactions,
specifically in the context of the classic (hypothalamus activated) stress response

and (3) the clinical implications of functional interactions within this axis.

1.2 THE NEURO-ENDOCRINE-IMMUNE AXIS

1.2.1 Cognitive evaluation of stressors and the initiation of a stress response

A brief consideration of stress and its impact on neurophysiological arousal is

warranted before discussing the functional nature of the neuro-endocrine-immune



axis. It is important to mention the role that higher-level cognitive functions, those
involved in subjective evaluation, play in the interpretation of a specific stimulus as a
stressor. The subjective evaluation of a stimulus and its interpretation as being
stressful, ultimately determines the specific downstream biochemical and
physiological responses associated with stress (Jordaan and Jordaan, 2000; Rabin,

1999).

The focus of this review is on the functional nature, anatomicaily and
physiologically, of stress responses, once initiated. The general stress response is
characterized by behavioral, biochemical and physiological changes and has its
origin in the central nervous system (CNS). It has been noted that two primary
mechanisms exist by which the stress response can be propagated from the CNS to
other tissues. Firstly, by means of neuroendocrine cascades, primarily involving the
hypothalamic-pituitary-adrenal (HPA) axis; the second mechanism involves the
autonomic nervous system (ANS). Important to note, is the central role of the
hypothalamus in the activation of both these routes (Jordaan and Jordaan, 2000).
The hypothalamus is intimately linked to the pituitary gland, by means of the pituitary
stalk, and a number of other brain structures, including the amygdala, the
hippocampus, the limbic system and autonomic projections, all of which have been
functionally implicated in stress responses (Solomon et al., 2002; Jordaan and
Jordaan, 2000; Rabin, 1999). Neurophysiological arousal of the hypothalamus, in
response to stressors, leads to the activation of (1) the HPA axis (HPAA) and (2) the
ANS (Fig. 1.1) (Shepherd et al., 2005; Jordaan and Jordaan, 2000). in general
terms, both these routes function to effect metabolic changes that facilitate the
maintenance of homeostasis in response to stimuli which are perceived as being

stressful.
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Figure 1.1: Schematic representation of the functional and anatomical relationships between the
principal components of the neuro-endocrine-immune axis. The CNS and immune system are bi-
directionally connected via both the sympathetic nervous system (SNS) and parasympathetic nervous system
(PSNS) components of the ANS, in addition to the humoral routes characteristic of the neuroendocrine cascade.
Also indicated is the Vagus nerve (Vagus n.), an important component of the PSNS. Dotted lines represent
negative regulatory pathways, solid lines represent positive regulatory pathways (Image adapted from Marques-
Deak et al., 2005).

1.2.2 Common physiological and biochemical features within the neuro-

endocrine-immune axis

The existence of a functional interactive axis, between the CNS and the immune

system, was suspected from the earliest days of formal scientific enquiry, with



several observers linking psychopathological states to disease or iliness; concepts
which, traditionally, were associated solely with immune function, or rather
dysfunction. One of the earliest recorded suggestions of a functional link between
the nervous system and the immune system was that made by the Greek physician
Galen, who is noted to have declared that melancholic women were more likely to
develop cancer (Rabin, 1999). Substantiation of a functional link between the
nervous and immune systems was provided by more recent discoveries revealing
common features and mechanisms present in the neural, endocrine and immune
environments. Anatomical, physiological and pharmacological evidence, provide the
underpinnings for the current NEI axis model. Reciprocal exchanges, between the
components of this amalgamated homeostatic mechanism, are only possible if the
individual systems (neural, endocrine and immune) “speak” a common biochemical
language. It has been demonstrated, experimentally, that this is indeed the case,
with (1) receptors for cytokines, neuropeptides and neurotransmitters having been
demonstrated on immune, endocrine and neural cells and (2) immune and neuro-
endrocrine products having been shown to be present in lymphoid, endocrine and

neural tissues.

1.2.2.1 Expression of shared receptors

1.2.2.1.1 Receptors for hormones, neuropeptides and neurotransmitters on
immunocompetent cells

The existence of hormonal receptors on immune cells was demonstrated as early as

1978 when cytoplasmic glucocoritcoid receptors (GR) were identified in both

monocyte and macrophage cell populations (Werb et al, 1978). Since then,

receptors for several other hormones, neurotransmitters and neuropeptides,



including insulin, dopamine (DA), prolactin (PRL), growth hormone (GH), estradiol,
testosterone, p-adrenergic agents (catecholamines — epinephrine and
norepinephrine), acetylcholine (Ach), endorphins, enkephalins, substance P (SP),
neuropeptide Y (NPY), somatostatin (Sst) and vasointestinal peptide (VIP) have all
been shown to be present in or on immunocompetent cells (Wrona, 2006; Pozo and
Delgado, 2004; Rabin, 1999; Besedovksy and Del Rey, 1996). Besedovksy and Del
Rey (1996) point out that (1) receptors for neuro-endocrine ligands appear to be
differentially expressed on different types of immune cells and (2) the affinity and
associated activity of a specific receptor for a given neuro-endocrine agent may
change in response to other metabolic events (e.g. T-lymphocyte activation). These
latter features are hallmarks of a highly adaptable environment and are essential for
the effective regulation of immune-responses to dynamic changes in the neuro-

endocrine milieu.

1.2.2.1.2 Receptors for immune-derived products on neural and endocrine cells

Receptors for immune-derived chemical messengers, collectively referred to as
cytokines, have been demonstrated on endocrine organs and selected areas of the
CNS. Interleukin (IL) receptors have been shown to be present in several endocrine
tissues, including the pituitary, adrenal, thyroid, pancreas, testis, and ovaries. The
most comprehensively characterized cytokine receptor is that for interleukin-1 (IL-1),
which has been shown to be present in all endocrine tissues, except the adrenal
glands. Several other studies have illustrated receptors or binding sites for IL-2 and
IL-6 on the pituitary gland (Rabin, 1999; Besedovksy and Del Rey, 1996). Cytokine
receptors in the CNS have also been extensively documented, with receptors for

many of the common cytokines, including IL-1, IL-2, IL-4, IL-6, tumor necrosis factor-



a (TNFa), interferon-y (IFNy), macrophage-colony stimulating factor (M-CSF) and
stem cell factor (SCF), having been described (Wrona, 2006; Rabin, 1999;
Besedovksy and Del Rey, 1996; Dantzer ef al.,, 1993). Again the most commonly
characterized receptors are those for IL-1, which have been shown to be present in
high concentrations in the hippocampus (Besedovksy and Del Rey, 1996) and the
hypothalamus (Dantzer et al., 1993) and at lower levels in the cortex (Rothwell,
1999). In addition to IL-1, receptors for IL-6, IL-10 and TNFa have been well
characterized and have been demonstrated in various brain regions including the
cortex hypothalamus, hippocampus and the pituitary (Ward et al, 2001,
Barkhudaryan and Dunn, 1999; Nadeau and Rivest, 1999; Rabin, 1999; Kobayashi
et al., 1997). There is, however, some disagreement amongst researchers regarding
the nature of cytokine receptor expression. Some authors have found cytokine
receptors to be expressed constitutively, whilst others report their presence only after
immune agitation; an ambiguity remaining to be clarified (Besedovksy and Del Rey,

1996).

The reciprocal expression of receptors for hormones, neurotransmitters,
neuropeptides and cytokines, by cells of the neuro-endocrine-immune axis, provide a
rational basis for potential bi-directional communications within the axis. However, a
meaningful functional dialogue, involving shared receptors, can only be facilitated if
immune and neuro-endocrine messenger agents coexist in lymphoid, endocrine and
neural tissues. Studies demonstrating the presence of hormones, neuropeptides and
neurotransmitters in the lymphoid tissues and conversely, the presence of immune-
derived products in neural-endocrine structures, serve to substantiate, further, the
existence of functional bi-directional exchanges, regulatory in nature, between the

neural, endocrine and immune environments.



1.2.2.2 Common chemical messengers

1.2.2.2.1 Neural and endocrine messengers in lymphoid tissues

Lymphoid organs and associated cells are exposed to neuro-endocrine agents,
including hormones, neurotransmitters and neuropeptides, generally by means of the
circulatory system and specifically as a result of extensive autonomic innervations of
both primary and secondary lymphoid tissues (Wrona, 2006; Shepherd et al., 2005;
Rabin, 1999; Besedovsky and Del Rey, 1996; Felten and Felten, 1991). Hormones
are generally released into interstitial fluids or blood, by endocrine tissues, and are
transported to target cells or organs by means of the circulatory system. In contrast,
innervation of lymphoid organs by autonomic nerves form the basis for
neurotransmitter and neuropeptide mediated regulatory exchanges. Sympathetic
innervation by noradrenergic fibers has been extensively characterized in all
lymphoid tissues, with some studies having demonstrated synaptic connections with
individual lymphocytes (Rabin, 1999). Less substantially characterized is the nature
and role of cholinergic parasympathetic innervation, principally via the vagus nerve.
The intimate anatomical relationship between the Ilymphoid organs and the
autonomic nervous system provide the functional means for exposure of lymphoid
tissues to neurotransmitters and neuropeptides (Wrona, 2006; Shepherd ef al., 2005;
Besedovsky and Del Rey, 1996). In addition, various studies have shown that cells
of the immune system can, endogenously, synthesize and secrete significant
amounts of key neuromodulatory agents. These include: (1) hormones - luteinizing
hormone (LH), PRL, GH, corticotrophin releasing hormone (CRH) and ACTH; (2)
neuropeptides — enkephalins, endorphins and brain-derived neurotrophic factor
(BDNF); (3) neurotransmitters — norepinephrine (NE), epinephrine (E) and Ach.

Examples include the constitutive secretion of BDNF by peripheral blood monocytes



and the secretion of GH by lymphocytes (Wrona, 2006). The endogenous synthesis
of these neuro-endocrine associated agents, reasonably suggests that the immune
system can readily participate in communicative exchanges associated with neuro-

endocrine environments.

1.2.2.2.2 Cytokines in endocrine and neural tissues

As with hormones, cytokines can be distributed to key organs or tissues via the
circulatory system where they can exert their influence as humoral signals. This is
the primary means by which endocrine tissues are exposed to immune-derived
products. In addition, several studies have shown cytokines to be present in
endocrine glands (Besedovksy and Del Rey, 1996). |L-6 presents the best studied
example of endogenous cytokine expression by these tissues (Besedovksy and Del
Rey, 1996; Spangelo et al,, 1990). It has been illustrated that pituitary cells of mice
and rats secrete this cytokine spontaneously (Besedovksy and Del Rey, 1996). In
addition to IL-6, IL-1, IL-8 and TNFa, have all been shown to be present in specific
pituitary tissues. Adrenal glands, specifically, the zona glomerulosa cells, have been
shown to secrete |L-6. TNFa mMRNA has been characterized in pancreatic islet cells.
The gonads, both the testis and the ovaries, have been shown to secrete cytokines,

including, IL-1 and TNFa amongst others (Besedovsky and Del Rey, 1996).

Nervous system tissues are, as with the endocrine organs, exposed to
cytokines secreted by neural cells themselves, in addition to the circulating cytokines
produced by immunocompetent cells. Immune-derived cytokine access, via humoral
routes, to CNS tissues is generally prevented by the blood-brain-barrier (BBB).
Studies have, however, shown that circulating cytokines can enter the brain through

areas with a poorly developed BBB; alternatively, active transport of these agents



across the BBB has been validated as a common mechanism by which immune-
derived products gain entry to the CNS (Wrona, 2006). Cytokine interaction with the
autonomic branch of the peripheral nervous system (PNS) is less problematic, as
many of the afferent and efferent fibers are in direct contact with lymphoid tissues
(Wrona, 2006; Shepherd et al.,, 2005; Rabin, 1999). Endogenous expression of
cytokines, by the CNS, was first shown in astrocytes and microglial cells. Since then,
several cytokines, including IL-1, IL-2, IL-3, IL-6, IL-8, IL-12 and IFNy have been
shown to be constitutively present in the brain (Besedovsky and Del Rey, 1996).
Studies showing the precise localization of these cytokines are lacking and need to
be further investigated. Cytokine production by peripheral neural tissues is sparsely
characterized, with only a handful of studies having reported the presence of
endogenous cytokine-like or cytokine agents. IL-1 presents the best characterized
example of endogenous cytokine expression by these tissues; its presence has been

demonstrated in cultured sympathetic ganglia (Besedovsky and Del Rey, 1996).

The preceding summary presented a diluted overview of the anatomical and
physiological evidence in support of a functional neuro-endocrine-immune regulatory
network. The functionality of this network is based on a mutual biochemical language
which is facilitated by the presence of common receptors and chemical messengers.
The nature and the physiological effects of specific interactions within this network
are wide ranging, effecting adaptations in both physiological processes and complex

behaviours.
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1.2.3 Physiological effects of regulatory exchanges within the neuro-

endocrine-immune axis
1.2.3.1 Experimental approaches to functional analyses

It is pertinent to briefly consider the experimental techniques used to elucidate the
nature of and levels at which interactions take place within the axis. The functions of
key structures or molecules are classically inferred from results obtained by specific
and focused experimental techniques, most often using rodent models or in vitro cell
culture based assays. Immune, endocrine and non-cortical brain structures and
associated functions have been highly conserved across humans, rodents and
primates, which make functional inferences possible (Hovatta and Barlow, 2008;
Cryan and Holmes, 2005, Huang ef al, 2004; Tecott, 2003). Contextual
consideration of results is critical, as many classic experimental approaches are
selectively focused on one or very few interactions at a time; levels of interactions
within the axis are enormously complex and inferred relationships between
processes or structures are often considerably oversimplified. Traditionally, two
approaches, both involving direct disruption of key structures or processes, were
favoured by investigators. The first approach involves the artificial introduction of key
regulatory molecules, agonists and antagonists, usually parenterally, which results in
the disruption of signalling cascades. By conducting biochemical assays before and
after exogenous introduction, the possible roles of specific molecules can be
inferentially analysed. The second approach entails the mechanical disruption of
principal anatomical structures or physiological relationships within the axis, by direct
or chemical surgical means. Selective ablation of neural structures, endocrine
glands and lymphoid organs, has permitted researchers to establish the nature of

functional interactions between various key structural features within the axis
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(Wrona, 2006; Masek, 2003; Rabin, 1999; Besedovsky and Del Rey, 1996). These
traditional approaches have provided the foundations for contemporary insights into

the panoptic physiological effects of regulatory exchanges within this NEI axis.

More recently, with the development of gene-targeting techniques,
researchers have been able to create specific and stable genetic models, e.g.
knockout mice strains, targeting specific genes for use in various functional neuro-
endocrine-immune investigations (Cryan and Holmes, 2005). In addition, with an
emerging understanding of epigenetic effects on the geno- and phenotype of
organisms, researchers have demonstrated the indirect manipulation of key
regulatory systems, during development, to create specific experimental models
involving neuro-endocrine components (Weaver et al., 2004; Francis et al., 2002).
Over the last few years, microarray technologies have made possible the
simultaneous inference of mRNA transcript abundance for 1000’s of genes in
specific tissues. This technique has allowed for efficient exploration of the presence
and inference of possible, previously uncharacterized, functional associations
between a large numbers of gene products (Mirnics et al., 2006; Wilson et al., 2004;

Slonim, 2002).

1.2.3.2 Effects of hormones, neuropeptides and neurotransmitters on the

immune system

1.2.3.2.1 Endocrine effects on immune function
Hormonal interactions with the immune system have been well characterized and
can lead to either the depression or stimulation of immune responses (Pruett, 2001).

Factors influencing the nature of the response include the kind and dose of hormone

12



and the timing of administration (Wrona, 2006). Endocrine outflow from the HPAA is
the principal and best understood mechanism by which the CNS can influence the
immune system (Wrona, 2006; Marques-Deak ef al,, 2005; Padgett and Glaser,
2003; Besedovsky and Del Rey, 1996). Two other neuroendocrine cascades have
been implicated in immuno-modulatory processes, these include: the hypothalamic-
pituitary-thyroid (HPT) axis and the hypothalamic-pituitary-gonadal (HPG) axis
(Marques-Deak et al., 2005). Focus is, however, directed at the immunomodulatory

role of the HPAA and its associated hormones.

The Glucocorticoids (cortisol in humans and corticosterone in rodents) are
generally considered the main effector molecules of HPAA driven stress responses
(Wrona, 2006; Marques-Deak et al., 2005). These molecules have been implicated
in the regulation of a wide variety of immune functions, including: cell trafficking,
migration, maturation and differentiation (Marques-Deak et al., 2005). The presence
of glucocorticoid receptors in various immunocompetent cells (de Kloet et al., 2007,
Bartholome et al., 2004; Miller et al., 1998; Werb et al., 1978) facilitates functional
interactions with these molecules. Glucocorticoids have been shown to suppress,
enhance and generally modulate the immune response. Originally implicated in the
stimulatory regulation of immune function (Selye, 1956), the immunosuppressive
effects of glucocorticoids has been stressed. It is now generally well established that
glucocorticoid driven immunomodulations are complex in nature and can result in a
wide range of outcomes (Wrona, 2006; Marques-Deak et al., 2005; Munck, 2005;
Masek et al., 2003; Padgett and Glaser, 2003; Dhabhar, 2002; Pruett, 2001; Rabin,
1999; Besedovsky and Del Rey, 1996). Specifically, glucocorticoids have been
shown to play an important role in susceptibility and resistance to autoimmune,

inflammatory, infectious and allergic diseases. An important aspect of the functional
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effect of glucocorticoid immunomodulation is the nature and extent of a stressor
(Marques-Deak et al., 2005; Melmed, 2001; Rabin, 1999). Studies have shown that
sustained activation of the HPA axis, and associated maintenance of elevated
glucocorticoid levels, as typically occurs in response to chronic stressors, results in a
general inhibitory immunomodulatory effect. In contrast, the transient elevation of
glucocorticoids associated with acute stress, have been shown to enhance certain
immune responses (Marques-Deak et al., 2005; Masek et al., 2003; Dhabhar, 2002).
It is thought that these differences reflect important evolutionary adaptations to
different types of stressors (Dhabhar, 2002). Glucocorticoids have been shown to
directly effect transcription of various “immuno-genes”. They are thought to diffuse
freely into the cytoplasm of certain immunocompetent cells, where they bind to and
activate cytoplasmic glucocorticoid receptors, forming heterodimeric DNA binding
complexes that can modulate the transcription of specific genes (Adcock and
Caramori, 2001). Regulation of transcription is often achieved through interactions
between the activated glucocorticoid receptor and other transcription factors, such as
nuclear factor-x<B (NF-xB) and activator protein-1 (AP-1), both known regulators of
inflammatory gene expression (Adcock et al., 2004). Transcriptional regulation of
many proinflammatory genes, by glucocorticoids, has been demonstrated,
specifically for genes encoding cytokines, adhesion molecules and
chemoattractants. A well characterized effect of glucocorticoids on the immune
system is the induction of a functional shift from cellular to humoral immunity. This
shift comes about as a result of glucocorticoid’s enhancing effect on the production
of T-helper 2 cell cytokines, IL-4 an IL-10 (which enhance humoral immunity, e.g.
stimulating antibody production), and their inhibitory effect on the production of T-
helper 1 cell cytokines, IL-1 and TNFa (which enhances cellular immunity, i.e. B- and

T-lymphocyte proliferation) (Marques-Deak et al., 2005; Rabin, 1999).
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ACTH is produced by the anterior pituitary, and its principal effect is the
stimulation of glucocorticoid secretion by the adrenal cortex (Solomon, 2002). In
addition, ACTH has been reported to exert direct inhibitory effects on immune
functions, independently from its role in the stimulation of glucocorticoid output
(Masek et al., 2003; Rabin, 1999; Besedovsky and Del Rey, 1996). ACTH has been
demonstrated to function as a potent inhibitor of antibody production. It is speculated
that this inhibition is as a result of its effect on T- rather than B-Lymphocyte function
(Masek et al, 2003). Other hormones produced by the anterior pituitary, and
implicated in immunomodulation, include: GH and PRL (Masek et al., 2003; Rabin,
1999; Besedovsky and Del Rey, 1996). GH, in general, participates in the regulation
of growth of body, tissue metabolism and tissue repair. In addition, its role in the
regulation of maturation and function of the immune system has been described.
Deficiencies of GH have been implicated in depressed T-cell function, natural killer
cell (NK) activity and antibody responses. Exogenous administration of GH has been
shown to restore, to some degree, many of these immune functions (Masek et al.,
2003; Rabin, 1999). Excessive production of GH is also associated with immune
dysregylation, and is implicated in a condition known as acromegaly, which is
characterized by severely elevated levels of phagocytic cells (Rabin, 1999). PRL is
traditionally known as a hormone fundamental to mammalian reproduction and
lactation. PRL has been generally associated with the stimulation of both humoral
(antibody) and cellular immune responses. The exact nature of PRL-mediated
immune responses is unclear as this hormone has been shown to interact with an
extensive array of other hormones and neurotransmitters (Masek et al., 2003; Rabin,

1999).

15



Secretion of CRH by the hypothalamus, in response to the stress induced
activation of this structure, is directly responsible for the release of ACTH, amongst
other hormones, from the anterior pituitary (Fig. 1.2). In addition to its regulatory role
within the HPA axis, CRH has loosely been implicated in the regulation of
macrophage function. Webster and De Souza (1988) demonstrated the presence of
high affinity binding sites for CRH on splenic macrophages. Other studies have
described the presence of CRH and its mRNA in human peripheral blood cells,
mouse T-lymphocytes (Karalis et al., 1997) and rat spleen and thymus tissues
(Baigent and Lowry, 2000). In vitro studies have suggested direct inmunomodulatory
involvement, but findings have been contradictory. CRH has been shown to have
inhibitory, stimulatory or no immunomodulatory effects (Salas et al, 1997).
Described effects include: the regulation of both T- and B-lymphocyte proliferation,
the stimulation of IL-1, IL-2 and IL-6 secretion, enhanced chemotaxis and NK cell
mediated lysis (Karalis et al., 1997). A CRH-ACTH immunomodulatory axis was
originally hypothesized from observations that showed CRH induced stimulation of
leukocyte derived ACTH and B-endorphins (Smith et al., 1986). In vivo findings have
been more difficult to interpret. Central and peripheral administration of CRH has
been shown to produce different immunomodulatory outcomes, with both pro- and
anti-inflammatory effects having been described (Karalis et al., 1997). This supports
the idea that, in vivo, the immunomodulatory effects of CRH on immune function

seems to be exerted through interactions with other hormones (Wrona, 2006).
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Figure 1.2: Schematic representation of HPA axis feedback mechanisms. The HPA axis is activated in
response to a stressor, resuiting in the release of CRH from the paraventricular nucleus of the hypothalamus. In
turn, CRH induce the release of ACTH, from the anterior pituitary, into the blood stream. The adrenal glands
respond to ACTH stimulation by releasing glucocorticoids. Endogenous expression of glucocorticoid receptors,
by components of this axis, facilitate a negative feedback mechanism through which secreted glucocorticoids
modulate the stress-associated activity of upstream components; effectively inhibiting the prolonged activation of
this axis in response to stress. Additionally indicated, is an inhibitory role of the hippocampus on stress-
associated hypothalamic activation, also in response to glucocorticoid binding.

The wide ranging immunomodulatory effects of hormones are often difficult to
interpret, with many studies arriving at seemingly contradictory findings. [n vitro
approaches are challenged by several inherent complexities associated with
hormonal cascades, including combinatorial effects of different hormones and self-
regulatory mechanisms. it is well known that many of the hormonal cascades of
vertebrates are characterized by complex feedback mechanisms. The HPAA

cascade is no exception (Solomon ef al.,, 2002). This implies that hormones native
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to this cascade can exert an indirect influence on immune function by affecting the
overall activity of its own cascade. A case in point is the regulatory effect that
glucocorticoids have on the overall activity of the HPAA. Glucocorticoids have been
demonstrated to, in fact, feedback into the HPAA, affecting the activity of the pituitary
and the hypothalamus; its general effect is to inhibit the prolonged activation of these
structures, which effectively results in an inhibition of glucocorticoid activity itself (Fig.

1.2) (Marques-Deak et al., 2005; Meany and Szyf, 2005).

1.2.3.2.2 Autonomic regulation of immune function

Traditionally, the autonomic nervous system was thought to effect physiological
changes in response to stress exclusively by what has become known as the fight-
or-flight response (Jordaan and Jordaan, 2000). This response is characterized by
the activation of the sympathetic nervous system (SNS), which leads to the
stimulation of target organs by NE, the main effector molecule of the SNS. This has
a catabolic effect, mobilizing energy, which serve to prepare the body for action.
Characteristics of this response include: Dry eyes and dilated pupils, a dry mouth,
sweaty palms, strong rapid heartbeat, increased blood flow to muscles, increase
adrenal activity. The parasympathetic nervous system (PSNS) functions to counter
the effects of SNS activation, once a stress has been eliminated (Jordaan and
Jordaan, 2000). A significant involvement in immunomodulation, by the autonomic
nervous system, has been established. However, the extent to which to the
sympathetic and parasympathetic branches participate remain controversial (Nance

and Sanders, 2007).

A role for the SNS in immune regulation has been well established, with

immunosuppressive and immunostimulatory mechanisms having been demonstrated
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(Moynihan et al., 2004; Elenkov et al., 2000). The SNS can effect a wide range of
immunomodulations, mainly via the actions of catecholamines, including cell
proliferation, cytokine and antibody production, Iytic activity and migration (Nance
and Sanders, 2007; Wrona, 2006; Padget and Glaser, 2003). The catecholamines, E
and NE, mediate their effects on immune tissues through interactions with
adrenergic receptors. These receptors have been characterized on various
immunocompetent cells (Padgett and Glaser, 2003). Although the effects of NE and
E on immune regulation are similar, NE has been more extensively studied as it is
directly released from sympathetic nerve terminals in response to SNS activation
(Elenkov et al., 2000). Both NE and E have been shown to affect the production of
leukocytes by direct interaction with pB-adrenergic receptors, found on cells of the
lymphoid organs. In addition, E has been implicated in the inhibition of complement
activation and macrophage-mediated lysis of certain immune-compromised cells
(Wrona, 2006). NE has been shown to stimulate the production of several cytokines,
including IL-6, IL-8 and IL-10, by lymphocytes (Elenkov et al., 2000). On the other
hand, a profound inhibitory effect on NK cell populations, by NE, has been
demonstrated. This inhibitory effect involves complex feedback mechanisms,
mediated by the SNS, between the lymphoid organs and the CNS (Elenkov et al.,
2000). NE induced modification of NK cell receptor ligation efficiency to target cells
has been described. This action has a dramatic effect on target-induced activation of
cytotoxic NK cell mechanisms. NE-associated inhibition of cytokine secretion by NK
cells, which is necessary for NK maturation and differentiation has also been
characterized (Wrona, 2006). Chemical sympathectomy, via the administration of 6-
hydroxydopamine, has been shown to lead to a general increase in B-lymphocyte
activity associated within the spleen (Besedovsky and Del Rey, 1996) suggesting a

general inhibitory effect by the SNS on the adaptive immune system. Other studies
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involving the 6-hydroxydopamine ablation of sympathetic nerve tracts have, in
contrast, demonstrated severe impairments in various parameters of immune
function, including a general reduction in T-lymphocyte responses (Masek et al,
2003). These and other conflicting findings have made the characterization of

general SNS-mediated immunomodulatory mechanisms difficult.

Circulating DA, a catecholamine neurotransmitter, has also been associated
with SNS-mediated effects on the immune system (Wrona, 2006; Elenkov et al.,
2000). It has been suggested that the effect of circulating DA on immune function is
in part mediated by the noradrenergic axon terminals of the SNS. The mechanism
involves the uptake of circulating DA by axon terminals, which converts it into a NE
intermediary that can be released as either NE or DA (Elenkov et al, 2000).
Elevated physiological concentrations of DA have been implicated in the inhibition of
CD4+ and CD8+ proliferation and cytotoxicity. DA in combination with NE was found
to increase lymphocyte activation (Wrona, 2006). In addition to catecholamine
exchanges with the lymphoid tissues, several lines of evidence have implicated
neuropeptides in immunomodulation. Many important neuropeptides are localized in
the nerve terminals of autonomic nerve fibers innervating primary and secondary
lymphoid organs, including: SP, Sst, VIP, NPY (Wrona, 2006; Rabin, 1999). Direct
effects of these neuropeptides on certain populations of immunocompetent cells
have been described. SP was shown to enhance B-lymphocyte production of
immunoglobulin (Ig) M and A, but not of IgG (Besedovsky and Del Rey, 1996).
Furthermore, SP enhances lymphocyte miigration to inflammatory sites and promotes
phagocytosis and chemotaxis by these cells (Wrona, 2006; Rabin, 1999). SP has
been implicated in the induction of immunoglobulin production by B-lymphocytes as

well as increased cytokine release by T-lymphocytes and mononuclear phagocytic
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cells (Rabin, 1999). The effects of Sst and VIP on immune function have been
shown to be dependent on several parameters, including: effective concentrations,
target cell identity and receptor densities on target cells. Both peptides had
modulatory effects on B- and T-lymphocyte function (Rabin, 1999; Delgado, 2003;
Wrona, 2006). A general immunosuppressive role for NPY has emerged, with a well
characterised inhibitory effect of this neuropeptide on NK cell activity (Rabin, 1999).
Isolated studies have reported a stimulatory effect of NPY. Elitsur ef al., (1994)
reported the NPY stimulated increase of gastrointestinal mucosal lymphocyte
mitosis. It is interesting to note that the co-localization of NE and NPY has been
described (Wrona, 2006; Shepherd et al, 2005; Stjernquist ef al, 1987) with
observations characterizing the concomitant release of these compounds from

sympathetic nerve terminals (Elenkov et al., 2000).

The role of the PSNS in immunomodulation is not as substantially
characterized as its functional counterpart, the SNS, and is still considered
controversial (Nance and Sanders, 2007). In recent years a few groups have
presented findings which infer a possible immunomodulatory role for efferent
parasympathetic branches (Czura and Tracey, 2005; Zimring et al., 2005; Pavlov
and Tracey, 2004; Kawashima and Fuijii, 2003; Bernik ef al., 2002; Borovikova et al.,
2000). The main effector molecule of the PSNS is Ach. This molecule is a short-
acting neurotransmitter and its physiological action generally counters the effect of
sympathetic arousal (Solomon ef al, 2002). Parasympathetic exchanges, via the
efferent vagus nerve, with immune tissues are primarily implicated in the
suppression of acute inflammation, now referred to as inflammatory reflexes (Tracey,
2007, Tracey, 2002). An immunomodulatory role was inferred from in vitro

observations, which showed that Ach effected the cellular deactivation and inhibition
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of pro-inflammatory cytokine (TNFa, IL-1, IL-6 and IL-18) release (Borovikova et al.,
2000). Additionally, an in vivo inhibitory effect of Ach on TNFo was shown both in
the liver and serum of rats and is suspected to play a role in the prevention of
endotoxic shock (Borovikova et al, 2000). Other studies have shown an
immunostimulatory effect of Ach on the development of cytolytic T-lymphocytes

(Wrona, 2006).

The above surnmary highlights the many ways by which hormones,
neurotransmitters and neuropeptides can affect specific features and cell populations
of the immune system. The behaviour of irnmune effector cells and molecules can
be regulated at several levels; ranging from general processes, e.g. intermediate
metabolism, to very specific and specialized features, such as selective stimulation
of specific immunocompetent cell proliferations (Besedovsky and Del Rey, 1996).
An important aspect of these neuro-endocrine and autonomic-neural
immunomodulations, is the multidimensionality of these regulatory processes. The
outcome of regulatory interactions is a consequence of the simultaneous binding of
several neuro-endocrine and autonomic-neural agents. It is reasonable to suspect
that a specific complement of these agents can produce unique outcomes,
determined not only by the relative activity of the upstream systems but also
influenced by processes endogenous to the immune system. The determinate
effect, of many of the above mentioned regulatory agents, is therefore difficult to
gage, as the complexity of specific and potential interactions necessitates a
generally inferential approach. It should be noted, however, that many studies yield
results that validate those obtained by others, thereby providing a reliable general

model of the nature and extent of regulatory exchanges with the immune system.
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1.2.3.3 Effects of cytokines on endocrine and neural components

Maintenance of homeostasis by neuro-endocrine-immune mechanisms requires bi-
directional communications between all systems. Uncontrolled activation or
deactivation of the immune system, by the neuro-endocrine effectors already
mentioned, will lead to severe metabolic disruptions. It is crucial that the immune
system communicate its functional state to the CNS by means of complementary
neural and humoral routes. Cytokine communications with the CNS has a direct
impact on the regulation of the immune system itself, in addition, characteristic
behavioural changes are induced, often referred to as sickness behaviour (Dantzer,

2004b; Rabin, 1999).

1.2.3.3.1 Cytokine effects on the HPA axis

Several cytokines, including IL-1, IL-2, IL-6, IFNy and TNFa, have been
demonstrated to directly influence the active state of the HPAA, which in turn
influences immune responses as a result of alterations in glucocorticoid and other
stress hormone levels (Wrona, 2006; Turnbull and Rivier, 1999; Besedovsky and Del
Rey, 1996). Most extensively characterized, is IL-1; its capacity to stimulate the
HPAA is well established. IL-1 has been implicated in the direct stimulation of ACTH
release from pituitary cells, resulting in increased glucocorticoid output (Masek et al.,
2003; Rabin, 1999; Turnbull and Rivier, 1999; Besedovsky and Del Rey, 1996).
Furthermore, IL-1 has been shown to enhance the turnover of NE in the
hypothalamus, in addition to its stimulatory action on CRH release, implying a
regulatory role in hypothalamic neurosecretory activity (Wrona, 2006). Other
cytokines reported to interact directly with the HPAA are IL-2, IL-6, TNFa and IFNy;

all have been implicated in pituitary-adrenal activity. The effects of IL-1, IL-2 and IL-
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6 on the adrenals results in a generally stimulatory outcome, characterized by

increased glucocorticoid plasma levels (Besedovsky and Del Rey, 1996).

1.2.3.3.2 Cytokine effects on the CNS

Cytokine exchanges with CNS tissues have been implicated in alterations of
neurotransmitter concentrations in the brain; in addition, the, sometimes profound,
behavioural changes that are associated with certain types of ilinesses have been
demonstrated to involve cytokine mediated neural changes (Dantzer, 2004b; Rabin,
1999). IL-1 is associated with decreased levels of NE in the CNS. This effect has
been described for several key brain areas, including the hypothalamus,
hippocampus, brain stem and spinal cord (Wrona, 2006; Besedovksy and Del Rey,
1996). Several behavioural alterations, including: a loss of appetite, decreased
social interaction and a decreased reproductive drive are associated with cytokine
actions on CNS structures. These effects are collectively referred to as sickness-
associated behaviors (Dantzer, 2004b; Rabin, 1999) and are linked to various
pathological (e.g. viral infections) and psychopathological (e.g. stress and
depression) conditions. Cytokine induced sleepiness has also been characterized;
implicated in this effect are IL-1 and IL-6, with the possible involvement of TNFa
having been noted by some researchers (Rabin, 1999). Both IL-1 and IL-6 are
thought to stimulate DA metabolism in the striatum, hippocampus, and prefrontal
cortex (Besedovsky and Del Rey, 1996), although some authors have reported no
statistically significant effects for IL-6 in any brain regions (Wang and Dunn, 1998).
These two cytokines have also been shown to affect processes related to learning
and memory (Dantzer, 2004b). Additionally, IL-1, TNF and IFNy have been shown to

inhibited long term potentiation. Altered serotonin metabolism, in the hippocampus,
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has also been associated with these cytokines (Myint and Kim, 2003; Wang and
Dunn, 1998). The regulation of Ach release from hippocampal tissues has been
demonstrated for IL-2 (Hanisch et al., 1993). IL-3, IFNy and CSF have all been
implicated in the augmentation of choline-Ach-transferase activity. A stimulatory
effect on activity of the cortex and hippocampus was described for IL-2 and IFNy

(Besedovsky and Del Rey, 1996).

1.2.3.3.3 Cytokine interactions with the peripheral nervous system

Results from recent studies imply indirect cytokine effects on the CNS as a result of
interactions with afferent peripheral neurons. The functional interactions between
cytokines and peripheral nerves have not been studied as extensively as those
involving the CNS. However, various cytokine-mediated effects on the activity of the
sensory components of the ANS have been characterized. These interactions
provide the nervous system with the functional means to monitor general immune
responses and important invasive events (Wrona, 2006; Tracey, 2002). The
cytokine-mediated activation of afferent pathways is thought to result in the
secondary induction of important CNS events, including the activation of the HPAA,
local release of cytokines and sickness behaviours (Hopkins, 2007; Rothwell and
Hopkins, 1995). IL-1 has been shown to affect NE levels in the periphery.
Specifically, NE turnover in sympathetic nerves innervating the spleen, lungs,
diaphragm and pancreas are substantially accelerated in response to IL-1
stimulation. The in vitro inhibition of NE release, by IL-1, from certain nerves has also
been demonstrated (Besedovsky and Del Rey, 1996). Functional exchanges
between cytokines and the afferent neural pathways have been implicated in the fine

tuning of inflammatory responses. Several cytokines, including IL-1, IL-6 and TNFa
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have been shown to play an important role in the mediation of an ANS response to
inflammation, including the sensitization of afferent pain fibers (Rothwell and
Hopkins, 1995). In addition, IL-1 has been shown to increase production of SP, by

cervical ganglia, in vitro (Besedovsky and Del Rey, 1996).

The full picture of the extent of cytokine activities and their influence on the
neural and endocrine environments is still very much emerging. That cytokines can
effect important changes in the hormonal cascades of the endocrine system and
neural activity of both the CNS and PNS, is now generally well established. The
continued elucidation of important regulatory interactions holds potentially important
implications for contemporary clinical practices and treatment strategies for complex

pathologies.

1.3 CLINICAL IMPLICATIONS OF AN INTEGRATED NEURO-ENDOCRINE-
IMMUNE AXIS
The emerging understanding of functional neuro-endocrine-immune interactions is
facilitating the re-evaluation, by clinicians, of traditional treatment regimes. With the
demonstration of the profound effects of neuro-endocrine mechanisms on immune
function and vice versa, the dividing line between pathological and
psychopathological conditions has become, in many ways, a semantic one. Armed
with a new understanding of whole-body homeostasis, holistic strategies that take
cognizance of the immune systems role in the mediation of key neural functions, in
addition to the nervous system’s effect on immune function, are becoming more
attractive. A better understanding of the nature of complex pathologies like HIV
induced dementia (Dubé et al., 2005) and Post-traumatic stress disorder (PTSD)

(Newport and Nemeroff, 2000) becomes possible when approached with an
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understanding of the physiological effects that these systems can exert on each
other. Immune dysfunction, as a consequence of psychopathological conditions,
such as chronic stress or depression, has been successfully treated by the
pharmacological modulation of selective brain functions (Melmed, 2001). Several
proposals for new and novel treatment strategies, based on a functional knowledge
of the neuro-endocrine-immune axis, are emerging (Peedicayil, 2008; Brustolim et

al., 2006; Kulmatycki and Jamali, 2006).

The treatment of psychiatric disorders and the efficiency of clinical
intervention strategies have to a large extent been limited by the effectiveness of
diagnostic techniques (Avissar and Schreiber, 2002). Diagnoses of psychiatric
disorders rely heavily on the subjective categorical identification of discreet symptom
clusters (Abbot, 2008; Finn et al, 2003). These categorical approaches have
important drawbacks as psychopathological conditions are classified on the basis of
observed symptoms. The fact that most psychiatric disorders are progressive, not
showing classifiable symptoms during early stages of onset, make efficient diagnosis
and early intervention difficult. The problem is further compounded by overlapping
clinical features between many common disorders (Abbot, 2008; Hovatta and
Barlow, 2008; Finn et al., 2003). Although, the neurobiology of many psychiatric
disorders is fairly well understood, direct, or invasive, interrogation of the neural

milieu is, for obvious reasons, not practical.

Recently, the possibility of non-invasively (or indirectly) interrogating neural
states has been highlighted as a promising diagnostic prospect. Segman et al.
(2005) demonstrated the ability to accurately predict the onset and progression of
PTSD, in a group of recently traumatized patients, via the microarray analysis of

gene expression profiles of peripheral blood mononuclear cells (PBMC). The results
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demonstrated that the appearance of stable expression profiles, within these
immune tissues, could be linked to defined psychiatric categories, emphasising the
clinical relevance, of a functionally intergrated NEl-axis. Since the appearance of
this paper, interest in the potential of peripheral tissues as non-invasive diagnostic
indicators of neural states has grown. Huntington’s disease (Runne et al., 2007),
Schizophrenia (Shwarz and Bahn, 2008; Yao et al., 2008; Bowden et al., 2006) and
Bipolar disorder (Le-Niculescu et al., 2008), have all been the subject of studies
attempting to identify peripheral biomarkers using a high-throughput molecular
strategy. Although most findings are promising, having identified candidate
biomarkers, some important questions regarding the diagnostically predictive power
of peripheral tissues, within a psychiatric context, remain unanswered. Specifically, it
still remains to be seen whether the diagnostic resolution of peripheral tissues is
sufficiently specific in nature and not reflective of general dysregulations in the CNS.
Extensive gene expression studies, using whole genome arrays, across both CNS
and immune systems have been lacking and should provide contextual insight into

the cross-systems nature of coordinated stress-associated biochemical events.

1.4 STUDY AIMS

Work by Segman et al. (2005) and others have provided promising demonstrations
of peripheral psychiatric diagnostics. However, implied relationships between
characterised psychiatric states and the peripheral transcriptome are inferential.
Although an NEl-axis picture, explicated above, provides the theoretical framework
for such an inference, it remains to be demonstrated that transcriptional changes in

peripheral targets are paralleled by specific alterations in neural tissues (Mirnics ef
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al., 2006). Furthermore, the functional interpretation of such a demonstration could

help to further substantiate the disease-specificity of peripheral markers.

As its primary goal, this study set out to test the hypothesis that gene
expression profiles of circulating PBMCs can be used to predict psychological states.
Specifically, the concomitant transcriptional characterisation of key neural structures
served to further evaluate peripheral transcriptomics as a diagnostic avenue for use
in molecular psychiatry. With access to human neural tissues being limited by
various practical issues, a rodent model with relevant aetiological constructs was
employed to elucidate, further, the psychopathological relationship between the
PBMC and neural transcriptomes. Specifically, a mouse model of early childhood
trauma, maternal separation (MS), was used. This paradigm has been shown to
impact on fear- and anxiety-related behaviours in adulthood, with long-lasting
neurochemical and neurophysiological effects in several species, including rodents,
non-human primates and humans (Gutman and Nemeroff, 2003; Bakshi and Kalin,
2002; Heim and Nemeroff, 2001). The behavioural effects of MS were evaluated
using well defined behavioural tests. importantly, treatment-associated behavioural
profiles served to establish a non-molecular context, providing an additional
dimension for the interpretation of downstream results. In addition to behavioural
assessments, plasma Corticosterone concentrations were measured at basal stress
levels and in response to acute restraint stress. These measures provided insights
into possible MS induced differences in the HPAA stress responsivity. The principle
focus of this study, however, was the parallel whole-genome transcriptional
characterisation of PBMC and central nervous system tissues, using microarray
technology. The characterisation of three defined CNS regions (Paxinos and

Franklin, 2004), Prefrontal association cortex, Hippocampus and Hypothalamus,
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provided a molecular context within which to interpret treatment-associated PBMC
data. Finally, the ability of PBMC transcriptional profiles, to predict the treatment

class of individual samples, was evaluated using popular classification algorithms.

The aims of this study can be summarised as follows:

1) The deployment of a mouse model of MS, to establish a defined etiological

context with relevant psycho- and physiological constructs.

2) The assessment of the effects of MS on adult behaviour using two well defined
and etiologically relevant behavioural paradigms, the Open Field (OF) and the

Elevated Plus Maze (EPM) tests.

3) The measurement of plasma Corticosterone concentrations at basal stress

levels and in response to acute restraint stress.

4) The individual characterization of whole-genome transcriptional profiles, using
microarrays of (a) three key, stress associated brain structures: prefrontal
cortex (pFC), hippocampus (Hic) and hypothalamus (Hyp) and (b) PBMC

populations.

5) An assessment of the diagnostic efficiency of PBMC transcriptional profiles at

predicting the treatment class of MS individuals and controls.
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- CHAPTER2 -

The epigenetic manipulation of neural development:

Establishing differential neural profiles through a Maternal Separation
paradigm

2.1 INTRODUCTION

Animal models have played a pivotal role in many of the most significant
breakthroughs in modern medicine with non-human primates and rodents having
formed the backbone of research focussed on neurobiological processes and
psychiatric disorders (Rodgers et al., 1997). The organization and anatomy of many
important neural structures, including the: cerebral hemispheres, diencephalon,
midbrain, cerebellum, pons and medulla have been well conserved across
mammals. Principally, the major difference in neural organization relates to the
expansion of the cerebral cortex (Fig. 2.1) (Cryan and Holmes, 2005). In humans this
structure has been greatly elaborated with important implications for psychological
constructs related to sophisticated cognitive evaluations and responses to external
stimuli. Although subject to constraints of interpretive complexities, there are
significant similarities between the neural structures and associated processes of
non-cortical components, characterised by the functional conservation of important
neural circuitries and behavioural responses (Cryan and Holmes, 2005). These
properties provide a rational context within which inferential strategies are employed
to elucidate the mechanistic, including epigenetic, genetic and biochemical,

processes underlying important behavioural phenomena.
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Figure 2.1: Comparison of human and mouse brains. The principle difference between the mouse and human
brains pertain to the massively elaborated cerebral cortex. Other key areas have been well conserved, both
structurally and functionally. Image reproduced from Cryan and Holmes (2005) with permission from A. Holmes.

2.2 MATERNAL SEPARATION - A DEVELOPMENTAL MODEL OF EARLY

CHILDHOOD TRAUMA AND NEGLECT

Contemporary psychiatric paradigms are increasingly being informed by our
understanding of gene x environment contributions to the susceptibility and
development of many types of psychopathologies. Experimental manipulations of
early developmental environments, using model organisms, have demonstrated
dramatic effects on the fear- and anxiety-like behavioural phenotypes of the adult
organisms (Bakshi and Kalin, 2002; Meaney, 2001). A particularly attractive
developmental stress model is that of prolonged maternal separation (MS); shown to
represent an ecologically valid form of early-life stress, with etiological constructs
relevant to depression and anxiety (Cryan and Holmes, 2005; Bakshi and Kalin,

2002). The phenomenology of behavioural abnormalities, as a consequence of
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maternal neglect or separation, has been described in rodents, non-human primates
and humans (Romeo et al., 2003; Bakshi and Kalin, 2002; Meany, 2001; Sanchez et
al., 2001; Heim and Nemerof, 2001). The early developmental environment, and
specifically the quality of mother-offspring interactions, have been shown to be
fundamental to the development of emotionality (Meaney and Szyf, 2005; Bakshi
and Kalin, 2002). An important aspect of mother-offspring interaction is thought to
involve tactile components of interaction between them (Kuhn and Schanberg,
1998). Cross-fostering studies in rats have implicated a direct relationship between
the magnitude of HPA-mediated stress responses in adulthood and variations in the
quality of pre-weaning maternal care received (Meaney and Szyf, 2005). Specifically,
the disruption of normal mother-infant interactions represents a significant stressor
that, if experienced during critical developmental phases, can have a long lasting
deleterious impact on behavioural and neuroendocrine adaptations and responses to

stress (Bakshi and Kalin, 2002).

A growing body of evidence, pertaining to the neurobiology of early MS,
shows significant overlap in data from rodent, non-human primate and human
studies (Gutman and Nemeroff, 2003; Bakshi and Kalin, 2002; Heim and Nemeroff,
2001). The exact mechanisms by which maternal deprivation affects the behavioural
and neurochemical profiles of adult individuals are not fully understood, but have
been shown to result in the long-term alteration of various neurotransmitter and
hormone systems, with dramatic implications for emotional- and cognitive processes

(Aisa et al., 2007; Parfitt et al., 2004; Daniels et al., 2004; Bakshi and Kalin, 2002).

Recently, Meany and Szyf (2005) proposed a mechanism that involves the
epigenetic modification of chromatin structures in the hippocampus, altering the

transcriptional activity of genes central to the regulation of fear- and anxiety-like
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the chromatin associated with the GR promoter and therefore a high degree of DNA

methylation, which is maintained through to adulthood in the hippocampus.
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Behavioural paradigms are classified with contextual reference to stimuli which
appear to have analogous constructs in humans (Rodgers et al., 1997). The elevated
plus maze (EPM) and open field (OF) tests present two of the most routinely used
fear- and anxiety-related paradigms. Both tests measure unconditioned (i.e.
spontaneous) explorative-type behaviours and are generally considered to have a

high degree of ecological validity (Rodgers et al., 1997).

The EPM provides an exploratory conflict-type environment. It is shaped like a
Greek cross with two “safe” runways, characterized by closed walls, and two open
runways, with no walls, which present a “risk-laden” choice (Fig. 2.2A). The entire
maze is raised at least 30 cm from the floor (Crawley et al., 1997). Mice are allowed
to spontaneously explore this environment, choosing between exposed or protected
parts of the maze. The OF also assesses the conflict between innate drives to
explore a novel environment and general fearfulness of exposed or unprotected
spaces. The OF usually consists of a square-shaped arena with raised walls. The
centre of this environment is often brightly illuminated presenting an aversive or risk-
laden choice, with the thigmotactic cues of the periphery providing a safer area (Fig.

2.2B).

Conventionally, risk-based exploration is defined as a spatiotemporal
component of area avoidance vs. preference (Carola et al, 2002; Rodgers and
Johnson, 1995). In both tests, relative levels of the riskier exploration options are
quantified and taken as an index of fear- and anxiety-like behaviour. These
conventional parameters have been shown to reflect important aspects of stress-
associated anxiety. They have been particularly useful in highlighting important
neurochemical and neurophsyiological components of anxiety-related exploration

behaviours, when combined with psychopharmaceutical and/or gene-targeting
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strategies (Finn et al., 2003; Belzung and Griebel, 2001; Choleris et al., 2001; Toye
and Cox, 2001; Rodgers et al., 1997; Crawley et al., 1997). However, Rodgers et al.
(1997) highlighted the fact that many of the conventional measures of animal anxiety
were validated withjn pharmaceutical contexts. This contextually confirmed validity
has certain implications for the interpretation of conventional measures of fear- and

anxiety-related behaviours, when applied in divergent settings (Rodgers et al., 1997).

B
Periphery
g g
& Centre %
& 2
Periphery

Figure 2.2: Schematic illustrations of the EPM and OF environments. (A) The EPM is typically raised of the
ground with three spatially defined areas: Open arms (x2), closed arms (x2) (in this illustration with black opaque
walls) and a centre platform. (B) The OF (shown here with transparent walls) has two spatially defined areas: A
centre area, which is shown here as brightly illuminated (yellow), and a periphery.

Within the last decade, elaborations and critical considerations have
advocated the extension of conventional spatiotemporal exploration-based measures
of anxiety, to include a larger repertoire of readily observed rodent behaviours
(Choleris et al., 2001; Espejo, 1997; Rodgers et al, 1997). These additional
parameters are referred to as ethological parameters. Typically ethological strategies
include aspects of risk assessment, decision making and grooming, in addition to the

conventional exploration criteria. This approach has proven to be more sensitive to
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subtleties in the complex behavioural responses and adaptations of rodents within
these environments (Carobrez and Bertoglio, 2005; Carola et al., 2002; Choleris et

al., 2001; Rodgers et al., 1997; Rodgers and Johnson, 1995).

In addition, several authors have noted important temporal components of
rodent behaviour, seen as a change in behaviour during and between test sessions
(Stern et al., 2008; Carobrez and Bertoglio, 2005; Bertoglio and Carobrez, 2002,
Rodgers et al., 1996). It is thought that these changes reflect learning processes,
which underlie important aspects contextual decision making, consequently effecting
the appropriate adjustment of behaviour (Bertoglio and Carobrez, 2002). These
observations highlight another important dimension for the interpretation of compiex
behaviours. Temporal learning and adaptation components could reflect important
aspects of fear- and anxiety-responses, related to information gathering and

processing.

Although there are many methodological challenges, and interpretive
complexities related to anthropogenic constructs of fear- and anxiety, these
paradigms have proved invaluable to preclinical research on the neurobiology of

psychiatric disorders, and behavioural phenotyping of rodents.

2.4RATIONALE FOR BEHAVIOURAL TESTS IN THIS STUDY

Maternal separation was used to set up a model of anxiety in adult mice to test the
hypothesis that gene expression profiles of circulating PBMCs could be used to
predict psychological states. Behavioural tests were conducted to confirm that the
maternally separated and control mice, used in this microarray study, showed

differences in anxiety-related behaviours. The aim was to establish, using simple
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empirical criteria, whether MS resulted in differential behaviours or behavioural
adaptations within the context of established behavioural paradigms. Any differences
were inferred to reflect divergences in the neural mechanisms underlying fear- and

anxiety-related exploration behaviour.

2.5 MATERIALS AND METHODS

The experimental methods described and followed in this study have been approved
by the animal ethics committee of the University of Cape Town (Ethics clearance
number: 006/007) and are in accordance with National guidelines for the care and

use of laboratory animals.

2.51 Animals and treatment

Female C57BL/6 mice were mated in a specified pathogen free (SPF) environment,
and transported to the experimental facility at least three days prior to parturition. All
animals were maintained under a 12 h light-dark cycle (lights on from 6h00 to
18h00). Temperature was kept at 21 + 2 °C. All animals had ad libitum access to
sterilized food and tap water. Dams' and litters were kept in “Shoebox” style
polypropylene cages (300mm x 130mm x 120mm) with solid floors. All animals had
access to bedding material, in the form of sawdust. All cages were cleaned and
water bottles were changed once per week for the duration of the experiment. All
animal-human interactions were limited to a single researcher. Postnatal day (PND)
0 was assigned to litters born before 15h30 each day. Litters were randomly

assigned to undergo maternal separation (MS; n = 10) or to be reared under

T The term “Dam” is commonly used to refer to the female parent.
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standard conditions, with simulated handling (control) events (SH; n = 9). The
average litter size of both MS and SH groups was equal (n = 7). Overall Male-to-
Female sex ratio was 1.28:1, with there being no significant sex ratio difference

between MS and SH litters (recorded at weaning, PND 21).

Maternal separation was carried out as previously described (Romeo et al,,
2003) with some modifications. MS litters were separated from dams for 3 h a day,
starting at 12h00 (6 h after lights on) and ending at 15h00, from PND 1 to 14. The
MS dams were first removed from the home cage, after which the pups were moved
to a clean cage, which was kept at the ambient temperature of the vivarium. The
dam was placed back in the home cage and moved to a separate room for the
duration of the separation, this to exclude olfactory or ultrasound vocalization
exchanges between dams and their pups. After 3 h, pups and dams were reunited in
their home cage. SH animals underwent daily handling. SH dams were removed
from the home cage; pups were briefly moved to a clean cage and immediately
returned to their home cage, followed by the dam. This procedure simulated the
handling undergone by MS pups and served as a control, never lasting for more than

5 min per litter.

At PND 21, all pups were weaned and group housed by sex and treatment. All
subsequent procedures were carried out using males only, as the consequences of
separation are gender specific with behaviour in females being significantly
influenced by the oestrus cycle (Romeo et al., 2003). Post-weaning group sizes were
standardized, with a minimum of three male pups per cage (to avoid isolation) and a
maximum of five male pups per cage (to avoid overcrowding). The “Shoebox” style
cages were used for three-pup groups and larger “Type |l long” cages, made from

polycarbonate (340mm x 180mm x 140mm) with solid floors, were used for groups of
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four and five, thereby providing comparable mm? floor areas per individual. Animals
were maintained in these conditions until one week before commencement of
behavioural tests at which point all males were moved to individual cages. Single
housing of mice has been shown to reduce HPAA activation, and therefore basal

stress levels (Dalm et al., 20095).

2.5.2 Behavioural assessments

Basal levels of unconditioned, exploration-based fear- and anxiety-related
behaviours were assessed using both the EPM (MS n = 36, SH n = 37) and the OF
(MS n = 37, SH n = 38) tests. The EPM (Med Associates Inc., St. Albans, USA) was
constructed from black Plexiglas (see Fig. 2.2A for illustration) and was set atop an
alurninium stand raised 72.4 cm above the ground. Both open and closed runways
measured 6.1 cm wide and 34.9 cm long. The open runways had raised edges that
were 0.6 cm high. The closed runways had walls that were 20.3 cm high. The OF
(Med Associates Inc., St. Albans, USA) consisted of a 27.9 cm x 27.9 cm arena, with
transparent walls (see Fig. 2.2B for illustration) measuring 20.3 cm high, all
constructed from transparent Plexiglas. This environment was modified with a 5 x 5
grid of equal sized blocks, drawn on laminate, which was stuck on the floor of the
arena. The centre of this arena was defined as the inner 3 x 3 blocks, with a
perimeter consisting of 16 blocks. All behavioural tests were conducted for 5 min
per individual and animals were exposed only once to each environment. A 5 min
test interval was chosen, as previous studies have noted a decrease in avoidance
behaviour and an increase in fatigue, after 5 to 10 min in rats (Daniels et al., 2004).
All experiments were recorded with a video camera, which was mounted directly

above the test environment, facilitating manual scoring at a later time. The
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experimenter was not present in the room during the tests. Each of the two
behavioural tests was conducted over five days during a 4.5 h window, 7h30 to
12h00, with three individual sessions all lasting £ 50 min. This window was defined
to control for circadian fluctuations in stress hormones and associated basal
stress/anxiety levels, which are at their lowest during this part of the defined light-
dark cycle (Dalm et al., 2005). The environments were thoroughly wiped down with
10% ethanol between every test, ensuring that the scents from previous individuals
were diminished. A low concentration of ethanol was used to avoid possible ethanol
induced behavioural phenomena. Gloves were worn throughout the experiments,
and changed after every session. The EPM tests were conducted before OF
exposure, with 1 week between the two tests. For the EPM tests, individuals were
randomly selected each day and allocated to one of the three sessions, this
allocation roster was then used to assign test slots to individuals in OF tests, i.e.
individual OF tests were done in the same sequence as the EPM tests ensuring a
standardized time between EPM and OF exposure for each individual. Individuals
were moved to the testing area + 15 min before the commencement of tests. EPM
tests were conducted using low intensity illumination, with two 15 W tungsten lights
providing general illumination to the room. In contrast, a 120 W spotlight was placed
vertically above the OF and focused directly at the centre of the arena; this was the

only illumination in the room.

Various ethological behaviours were scored in addition to conventional
spatiotemporal components. Analysed conventional EPM parameters included (see
Table 2.1 for definitions): (1) Total Arm Entries (tAE); (2) % Open Arm Entries
(%OAE); (3) Open Arm Time (OAT); (4) Closed Arm Time (CAT); and (5) Centre

Time (CT). Due to the importance of thigmotactic cues in this environment,
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ethological parameters were categorized as either protected (occurring on the closed
arm or central square) or unprotected (occurring on the open arm) and were
analysed as: (1) Risk assessment parameters, (a) total Stretch Attend Postures
(tSAP) and (b) % protected Stretch Attend Postures (%pSAP); and (2) Exploratory
scanning behaviour (a) total Head Dips (tDIP) and (b) % protected Head Dips
(%pDIP). As a consequence of using C57BL/6 mice, contrast on the black Plexiglas

EPM was too low to score grooming and rearing behaviours accurately.

OF parameters were similarly categorized, with the analysed conventional
components comprising (see Table 2.2 for definitions): (1) Centre exploration, (a)
Centre Entry Delay (CED); (b) Centre Entries (CE) and (c) Centre Time (CT); and (2)
peripheral Returns (pRet). Due to the small size of the OF and unavailability of an
automated tracking system, common locomotor-related variables (distance travelied
and squares crossed) were not scored. The ethological parameters included: (1)
Risk assessment behaviour, (a) total Stretch Attend Postures (tSAP), (b) centre
Stretch Attend Postures (cSAP) and (c) peripheral Stretch Attend Postures (pSAP);
(2) Grooming behaviour, (a) total Grooms (tGr); (5) centre Grooms (cGr); (6)
peripheral Grooms (pGr); and (3) Rearing behaviour, (a) total Rears (tRear); (b)

centre Rears (cRear) and (c) peripheral Rears (pRear).

Independent scoring was done by a researcher experienced in rodent
behaviour and completely blind to treatment allocations. All parameters, except CED
in the OF, were scored using min intervals, defined as a time bin (5 x 1 min bins).
This allowed for the analysis of temporal adaptations in behaviour, by comparing
behavioural transitions between successive time bins or differences during specific

time bins.
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Table 2.1 EPM parameters and definitions

Parameters Abbrev  Description

Total number of Open + Closed arm entries

Total Arm Entries tAE - A measure of overall locomotor activity.

[Open Arm Entries / Total Arm Entries] * 100
% Open Arm Entries %OAE - A relative measure of Open Arm exploration, corrected
for possible differences in overall locomotor activity.

Open Arm Time OAT Total time spent on Open arm
Closed Arm Time CAT Total time spent on Closed arm
Centre Time cr Total time spent on Centre square

Conventional Spatiotemporal Parameters

Risk assessment behaviour, characterised by a flattened
back and the forward elongation of head and shouiders,

Total Stretch Aftend Postures  tSAP followed by retraction to original position without any

o locomotion.
[}
g % Protected Stretch Attend %pSAP Stretch Attend Postures from a closed arm or centre
© Postures °P square, expressed relative to total SAP.
£
3
k<) . Exploratory scanning behaviour, characterised by
% Total Head Dips tip scanning over the sides of the maze towards the floor.
e
]
% Protected Head Dips %pDIP Head Dip occurring from a closed arm or centre square,

expressed relative to total Head Dips.

Stringent criteria were used to quantify movement between defined spatial
boundaries within the environments. For the EPM tests, the following parameters
were standardised: (1) All mice were placed facing an open arm; (2) for an entry to
occur an exit must have taken place; (3) both an entry and an exit occurred once all
four paws crossed the entrance to an arm. For the OF tests, similar criteria were
used: (1) All mice were placed in the same corner block with their backs facing the
centre of the field; (2) for an entry to occur an exit must have taken place; (3) both an

entry and an exit occurred once all four paws crossed the boundary defined as the
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centre area. The average age of mice at the time of EPM and OF tests was 70

(range = 65 - 74) and 77 (range = 72 - 81) days, respectively.

Table 2.2 OF parameters and definitions

Parameters Abbrev  Description

® Centre Entry Delay CED The time taken from start of test to first centre entry.
g

=

o

2 g Centre Entries CE Total number of Centre Entries.

23

0w E

w0

S & | Centre Time cT Total time spent in Centre area.

5

g . :

8 Peripheral Retums pRet Entry into the Centre area with front paws only, followed

by a retraction to the periphery.

Defined as for the EPM. Here these behaviours are
Total Stretch Attend Postures  tSAP additionally subdivided into SAPs within centre (cSAP)
SAPs within Periphery (pSAP).

w

(1]

QE’ Scratching or licking of fur, washing of face or licking of
© genitalia. Again a spatial subdivision was used to define
g Total Grooms tGr both Centre Grooms (¢Gr) and Peripheral Grooms

© (pGr).

Q

3

E Vertical exploration, characterised by an upright posture
w Total Rears tRear with front paws moving in the air or leaning against the

wall of the environment. Centre Rears (cRear) and
Peripheral Rears (pRear), were defined as above.

253 Statistical analyses

All statistical analyses were done using Statistica 8.0 (StatSoft Inc., USA.). All
parameters, except CED in the OF, were analysed using a three-factor (Treatment
[2] x Test Day [5] x Time bin [5]) repeated measures ANOVA; where Treatment and
Test Day were between-subject factors and Time bin the within-subject factor. This
strategy allowed for the assessment of time-dependent adjustments in behaviour

during test sessions. In addition, main- and interaction-effects of Test Day were
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included to highlight and account for sources of variability that arose from
unanticipated or uncontrollable procedural variables. CED was analysed using a two-
factor (Treatment [2] x Test Day [5]) ANOVA. Mauchly's test (Mauchly, 1940) was
used to assess sphericity. Where data failed to meet this assumption, the Wilk’s
lambda (Mardia et al., 1979) multivariate approach, which does not rely on sphericity,
was used to evaluate repeated measures. Fisher LSD post-hoc tests were used to
confirm a main effect of Time bin on behaviour, in addition to evaluating any
significant main effects of Test Day and Treatment x Test Day interactions. Planned
comparisons using simple Treatment x Time bin contrasts were done to evaluate
behavioural transitions, or differential changes, between successive time bins, as
well as differences at each time bin. The homogeneity of variance was confirmed for
all significant planned comparisons. Significance was assumed at P < 0.05. All

graphs are shown as Means * 95% confidence intervals (Cls).

2.6 RESULTS

2.6.1 Elevated Plus Maze

The results of the three-factor (Treatment x Test Day x Time bin) repeated measure
ANOVA analyses for the EPM are shown in Table 2.3 (conventional spatiotemporal
parameters) and Table 2.4 (ethological parameters). The analyses revealed no main
effects of Treatment or Test Day on behaviour. In contrast, all parameters except
tAE and %pDIP showed a significant effect of Time bin (see Fig 2.3B for a
representative profile). The only parameter not significantly modified by any main- or
interaction effects was tAE, confirming comparable and stable locomotor activities

between MS and SH individuals. Three parameters showed significant interaction
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effects between Treatment and Time bin and included: OAT, %OAE and %pSAP. In

addition, OAT, %OAE, CAT as well as %pDIP behaviours all showed a significant

Treatment x Test Day interaction. Significant Time bin x Test Day interactions were

observed for all conventional exploration parameters except tAE. The only

ethological parameter that showed a significant interaction effect for these factors

was tDIP. A significant three-way Treatment x Test Day x Time bin effect was

exclusively seen for CT.

Table 2.3 Three Factor (Treatment x Test Day x Time bin) repeated measure ANOVA results from a minute-to-
minute analysis of the EPM showing main effects and interactions for conventional spatiotemporal parameters

o,
Parameters / Opep Arm %o Opeq Arm Closgd Arm Ce-ntre Total -Arm
Factors Time Entries Time Time Entries
(OAT) (%OAE) (CAT) (CT) (tAE)

Treatment _ _ _ _ _
(df = 1, 63) F=1212 F =0.381 F=1.057 F=0.002 F=0723
Day F=2217 F=1.583 F=1.908 F=1.799 F = 1.005
(df = 4, 83) : ) ) : :
Treatment*Day _ b _ c _ a _ _
(df = 4, 63) F =4.338 F = 5.307 F=3.389 F=1.788 F=1.131
Time - b - c A c — -
(df = 4, 252) F = 4.426 F =5.071 F=14.361 F= 7.747° F=1.187
Time*Treatment _ b _ a _ _ _
(df = 4, 252) F =3.626 F = 2.566 F=1.784 F=1.541 F=0.516
Time*Day = b X a = b = b =
(df = 16, 252) F = 2223 F =1.990 F= 2473 F= 2215 F =0.663
Time*Day*Treatment F = 1408 F=1434 F= 125 F=2.614° F=0919

(df = 16, 252)

df=degrees of freedom ;aP < 0.05; bP < 0.01; ¢P < 0.001
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Table 2.4 Three Factor (Treatment x Test Day x Time bin) repeated measure ANOVA results from a minute-to-
minute analysis of the EPM showing main effects and interactions for ethological parameters

Total Stretch % Protected

Parameters / Attend Stretch Attend Total Head % Protected
Factors Postures Postures Dips Head Dips

(tSAP) (%pSAP) (tDIP) ( %pDIP)*
Treatment F=1.170 F=0.051 F=0.022 F=0.666
(df = 1, 63) ' ' ' '
Day _ _ _ _
(df = 4, 63) F=1.5791 F=0.626 F=2315 F=1.752
Treatment*Day _ - - = a
(df = 4, 63) F=1.883 F=1.031 F=1.872 F=2.954
Time _ c — a - < —
(df = 4, 252) F=31.19 F=2.700 F=13.171 F=2.017
Time*Treatment _ _ b _ —
(df = 4, 252) F=0.212 F=3.468 F=0.897 F=1.418
Time*Day _ — = c -
(df = 16, 252) F=0.783 F=1.036 F=2.616 F=1.267
Time™Day” Treatment F=1.012 F=0.986 F=0.8799 F=1.033

(df = 18, 252)

df=degrees of freedom ;aP < 0.05; bP <0.01; ¢P < 0.001; § Failed Mauchly’s test of sphericity

Interactions for Treatment x Time bin were further evaluated using planned
contrasts. Contrasts were performed to evaluate transitional differences, or
differential changes, between successive time bins (Tables 2.5 and 2.6), in addition
to differences at specific time bins. These comparisons revealed that Treatment x
Time bin interactions resulted in significant differential changes for OAT, %OAE, CT,
%pSAP and %pDIP from Min 4 — 5. MS animals showed a sharp decrease in open
arm exploration, measured as OAT (Fig. 2.3C) and %OAE (Fig. 2.3E), during the 5™
min relative to the 4™ min, in both duration and frequency. SH animals, in contrast,
exhibited an opposite response. The inverse was seen for the duration of CT and
frequency of %pSAP (Fig. 2.4B) and %pDIP (Fig. 2.4D) parameters, where MS
animals showed a marked increase, during the 5" min relative to the 4™ min.

Additionally, OAT and %pSAP showed significant differences between groups at
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specific time bins; at Min 4 and 5 for OAT (Fig. 2.3C) and Min 5 only for %pSAP (Fig.

2.4B).

Table 2.5 Treatment x Time bin contrasts of EPM behavioural changes between consecutive time bins for
locomotor and exploration parameters

Open Arm % Open Closed Arm Centre Total Arm
Time interval Time Arm Entries Time Time Entries
(OAT) (%OAE) (CAT) (CT) (tAE)
Min 1 -2 _ _ _ _
(df = 1, 63) F =0.006 F =0.041 F < 0.001 F =0.005 F =0.546
Min2-3 _ _ _ _ _
(df = 1, 63) F =0.345 F =0.001 F=0.321 F=0.034 F=1284
Min3-4 _ _ _ _ _
(df = 1, 63) F =0.430 F=0.024 F=0.374 F =3.453 F =0.001
Min4-5 - c - a _ - a _
(df = 1, 63) F =14.011 F =6.160 F =3.052 F =4.879 F=0.111

df=degrees of freedom ;aP <0.05; bP < 0.01; ¢P < 0.001

Table 2.6 Treatment x Time bin contrasts of EPM behavioural transitions between consecutive time bins for

ethological parameters

Total Stretch

% Protected

Time interval Attend Stretch Attend Total Head % Protected

Postures Postures Dips Head Dips
(tSAP) (%pSAP) (tDIP) ( %pDIP)}

Min1-2 _ _ _ =

(df = 1, 63) F=0.144 F=0262 F=0.018 F=0917

Min2-3 _ _ _ _

(df = 1, 63) F =0.497 F=0964 F=0.142 F =0.008

Min3-4 N _ _ —

(df = 1, 63) F =0.018 F=3.571 F =0.037 F =0.304

Min4-5 _ _ b _ - a

(df =1, 63) F =0.497 F=9.292 F=3.149 F =4.098

df=degrees of freedom ;aP <0.05; bP <0.01; ¢P < 0.001
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Total Stretch Attend Postures per

F(4, 252)=0.212, p=0.932

per min
(%pSAP)

% Protected Stretch Attend Postures

Min1 Min2 Min3
Time bin {min)

Total Head Dips per min
DI
w
o

F(4, 252)=0.897, p=0.467

% Protected Head Dips per min
(%pDIP)
S 8 8

-
o

o

MS SH *
—
|
|
F(4, 184)=3.468, p=0.009 #
Min1 Min2 Min3 Mind Min5

Time bin (min)

i~ MS SH

F(4, 200)=0.994, p=0.412

Min1 Min2 Min3
Time bin (min})

Min1 Min2 Min3 Mind Min5
Time bin (min)

Figure 2.4: Treatment x Time bin interaction effects for EPM ethological parameters. Interaction profiles of
Treatment x Time bin for (A) tSAP, (B) pSAP, (C) tDIP and (D) pDIP. Treatment-dependent significant differences

between successive time bins are indicated as:

~— with *P < 0.05, #P < 0.01 and *P < 0.001; Significant

differences at specific time bins are indicated as #P < 0.01. Values are Means + 95% Cls.

Where significant Treatment x Test Day interaction effects were observed

(OAT, CAT, %OAE and %pDIP), Fisher LSD post-hoc tests were used to further

evaluate this interaction at each test day only (Table 2.7). These tests showed

significant between-group differences, exclusively for Test Day 1 (see Fig. 2.5 for

representative profiles). MS individuals showed significantly higher open arm

exploration, OAT and %OAE, behaviours relative to their SH counterparts, on Day 1.

In contrast, the inverse was true for CAT duration and %pDIP.

52



Table 2.7 Fisher LSD post hoc results for Treatment x Test Day interaction effects at each test day

Open Arm Closed Arm % Open Arm % Protected Head
Test Day Time Time Entries Dips
(OAT) (CAT) (%OAE) ( %pDIP)
Day 1 P < 0.001 P <0.01 P < 0.001 P <0.05
Day 2 NS NS NS NS
Day 3 NS NS NS NS
Day 4 NS NS NS NS
Day 5 NS NS NS NS
NS=Not significant
A B
7 F(4, 63)=5.307, p=0.001 — MS SH Y g F(4, 50)=2.954, p=0.029 — MS SH

> 60 [ Z 8o

[ -}

s 5 70

o 50 a

g g 60

2 . 40 o~

5 & ia”

g ¥ I

A k-} —

‘é 20 % 10

g 2

09 10 E 20

& £ 10

0 " , . #
1 2 3 4 5 1 2 3 4 5
Test Day Test Day

Figure 2.5: Examples of EPM Treatment x Test Day interaction effects. interaction profiles of Treatment x
Test Day for (A) %OAE and (B) %pDIP. Significant differences at specific days are indicated as *P < 0.05, #P <
0.01 and "P < 0.001. Values are Means + 95% Cls.

A Fisher's LSD post-hoc test dissection of significant Test Day x Time bin
interactions were employed to evaluate the contribution of specific test day
differences to significant Treatment x Time bin interactions. Results confirmed no

significant effect of Test Day on any significant Treatment x Time bin interactions.
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2.6.2 Open Field

The results of the three-factor (Treatment x Test Day x Time bin) repeated measure
ANOVA analyses for the OF are shown in Table 2.8 (conventional spatiotemporal
parameters) and Table 2.9 (ethological parameters). A significant main effect of Time
bin was seen for all conventional and ethological behavioural parameters,
independent of treatment (see Fig. 2.6A for a representative profile). None of the
conventional exploration behaviours were modified by the Treatment factor. In
contrast, a significant main effect of Treatment was seen for risk assessment
behaviours, measured as tSAP, ¢cSAP and pSAP (Table 2.9). MS individuals
consistently showed significantly higher frequencies of both cSAP (Fig. 2.7C) and
pSAP (Fig. 2.7D) behaviours, compared to their SH counterparts. Figure 2.7A shows
that MS individuals exhibited significantly higher frequencies of tSAPs during the last
4 min of the each test session. Additionally, Test Day had a significant effect on
rearing behaviours. Fisher LSD post-hoc tests confirmed significant differences in

the frequency of tRear and pRear between test days (Results not shown).

In contrast to EPM behaviours, no OF behaviours were significantly modified
as a consequence of Treatment x Time bin interactions (see Fig. 2.6B, Fig. 2.7A and
Fig 2.8A and B for representative profiles). However, planned comparisons revealed
a significant difference in the frequency of Total Grooms during the 1%' min between

MS and SH individuals (Fig. 2.8A).
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Table 2.8 Three Factor (Treatment x Test Day x Time bin) repeated measure ANOVA results from a minute-to-
minute analysis of the OF showing main effects and interactions for centre exploration and peripheral return
parameters

Parameters / Centre Entry _ _ Peripheral
Factor Delay Centre Entries Centre Time Returns
(CED) (CEy (cTy (pRet)
(Tdr;a TT%?) F=0.157 F=0.241 F=0.026 F= 0.002
gi?y: 4, 65) F=0.837 F=0.871 F=1.016 F= 1.146
(Tdrfe 2t$esrg;Day F=0.061 F=1.329 F=1.984 F=1.819
(Tc;rfnf 4, 260) N/A F=7.371° F=3.042° F= 5.341°
wreaseo N/A F=0.703 F=0.953 F=1.229
(E?f ’;%?260) N/A F=0.457 F=1.246 F=0.696
Time*Day*Treatment N/A F= 1.184 Eo 1496 F 0,876

(df = 16, 260)

df=degrees of freedom ; aP < 0.05; bP < 0.01; ¢P < 0.001 ; § Failed Mauchly’s test of sphericity ; N/A=Not Applicable

10.0 A — MS SH

9.5 ‘o |

9.0 | 10

8.5

8.0 l

75 ;

7.0 !
6.5
6.0
55
5.0
45
407 F4, 260)=11.048, p < 0.001 F(4, 260)=0.605, p=0.66

35— 3
Min1 Min2 Min3 Min4 Mind Min1 Min2 Min3 Mind Min5

Time bin (min) Time bin (min}

(CE)
{CE)

Centre Entries per min
Centre Entries per min

Figure 2.6: OF centre area exploration parameters. (A) Main effect of Time bin on CE, (B) interaction profiles
of Treatment x Time bin for CE. Significant differences between specific time bins are indicated as:  with
#P < 0.01 and *P < 0.001. Values are Means + 95% Cls.
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Figure 2.7: OF risk assessment behaviours. (A) Interaction profiles of Treatment x Time bin for tSAP, main

effect of Treatment on (B) tSAP and (C) cSAP, and (D) pSAP. Significant differences at specific time bins are
indicated as *P < 0.05 and *P < 0.001. A significant main effect of Treatment is indicated as +P < 0.01. Values

are Means + 95% Cls.

A
201 pa, 260)=1.77, p=0.146 i
MS SH
18
=)
£ 18
E
o
2 14
E =
H 9 12 |
=2
O 10 L
s
e 8 i
8
*
4
Min1 Min2 Min3 Mind Min5

Time bin (min)

o~ (5] - -~ (-]

Total Rears per min
(tRear)
W

2

- MS SH

1
{ F(4, 260)=0.330, p=0.857
o _—

Min1 Min2 Min3 Min4 Min5
Time bin (min)
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2.7 DISCUSSION

The effects of MS on adult mouse behaviour, was evaluated using the EPM and OF
tests. Several fear- and anxiety-related parameters were found to be significantly
altered in response to MS. The findings presented here add to and extend current
interpretations of mouse MS models, by highlighting important time-dependent
aspects of mouse behaviour. The assumptions and expectations of MS outcomes in
mice have mainly been informed by a large body of work done on rats, which has
been extensively characterised and shown to have robust effects on common indices
of stress and anxiety. Although a few studies have reported similar outcomes for MS
in mice, the effects have been more difficult to consistently reproduce. Here it is
shown, that the extension of conventional analysis strategies, to include time as a
significant dimension of behaviour, can reveal intricate behavioural nuances, which
reflect adaptive aspects of stress-driven behaviours. Context specific adjustments of
behaviour are associated with neural mechanisms underlying learning and memory,
which is critically affected by stress, and therefore potentially informative in

behavioural interpretations of the effects of MS.

In this study, MS produced long lasting effects on adult behaviour, which were
not consistently apparent when evaluated with the statistical expectations inherited
from rat studies. In the EPM, conventional statistical strategies, which typically
evaluate behaviour as a summed test session total, were not sufficient to reveal
more complex time-dependent behavioural profiles. Specifically, the spatially more
complex nature of the EPM test underscored treatment-related differences in the
time-dependent adjustments of anxiogenically loaded open arm exploration and risk

assessment behaviours. In contrast, the relative spatial simplicity and highly aversive
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nature of the OF, elicited an immediate and consistent divergence in Risk

assessment behaviours, between MS and SH individuals.

2.7.1 Elevated Plus Maze

In this study, total exploration, measured as tAE (Fig. 2.3F), was not significantly
affected by any main or interaction effects, confirming that MS did not alter locomotor

activity.

None of the reported parameters were significantly affected by treatment only
(see Fig. 2.3A and D for representative profiles). Two recent publications also failed
to describe significant MS-associated behavioural alterations of specific EPM
parameters, in mice (Millstein and Holmes, 2007; Parfitt et al., 2007); contrasting the
robust behavioural outcomes extensively documented for rats (Parfitt et al., 2004),
and isolated mouse studies (Veenema et al., 2007, Romeo et al., 2003). The
difficulty with which anticipated MS outcomes are reproduced in mouse models,
bring into question the validity of current experimental implementations or
interpretations. Critically, expectations of MS outcomes are largely determined by
observations described in rats; possibly limiting the scope for interpretations within
mouse settings. Additionally, conventional statistical strategies, typically evaluate
behaviour as a summed test-session total, thereby neglecting potentially important

aspects of complex behaviours.

The analytical strategy employed in this study, highlighted the importance of a
temporal dimension in complex behaviour; emphasized by significant changes over
time, independent of treatment, for all parameters except tAE and %pDIP. This

observation is in concordance with previous studies that have highlighted significant
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changes in EPM behaviour, as a consequence of learning and adaptation, during
and between repeated test sessions (Stern et al.,, 2008; Carobrez and Bertoglio,
2005; Bertoglio and Carobrez, 2002; Rodgers et al.,, 1996). The logical extension of
treatment-dependent observations, taking cognisance of time as a significant
behavioural dimension, revealed treatment-specific temporal profiles for several
parameters. Importantly, these interactions (Treatment x Time bin) were significant
for variables that are generally taken to be important indices of fear- and anxiety-
driven exploration behaviour; open arm exploration (OAT and %OAE), which
correlates negatively with anxiety (i.e. increased anxiety leads to decreased open
arm exploration) and risk assessment (%pSAP), which correlates positively with
anxiety (Espejo, 1997; Rodgers and Johnson, 1995). The significance of these
interactions could be attributed, specifically, to differential changes in these
behaviours from min 4 — 5 of the test sessions (Tables 2.5 and 2.6), which
highlighted a sudden increase in anxiety-related behaviour in the MS group; seen as
decreased open arm exploration (Fig. 2.3C and E) and increased risk assessment
(Fig. 2.4B and D). Additionally, both CT and %pDIP behaviours exhibited significant
differential changes between min 4 and min 5 (Tables 2.5 and 2.6), although no
significant overall interaction between treatment and time was observed for these
parameters (Tables 2.3 and 2.4). The importance of behavioural shifts during the last
two minutes was further emphasised by significant differences between MS and SH
individuals, specifically during min 4 and min 5 for OAT (Fig. 2.3C) and min 5 for
%pSAP (Fig. 2.4B). Fisher's post-hoc tests confirmed that none of the significant
Treatment x Time bin interactions resulted as a consequence of any specific test

days. Together these observations reveal significant time-dependent adjustments in
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important fear- and anxiety-driven behaviours, highlighting differences, specifically,

in stress-related adaptation strategies between the two groups.

An important aspect of behavioural adaptation involves the processing and
contextual appraisal of environmental stimuli (Alexopoulos and Ric, 2007; Buckley et
al., 2000). The acquisition, consolidation and evaluation of environmental cues,
underlie important aspects of learning and memory, which in turn is intimately link to
emotion (Labar and Cabeza, 2006; Abel and Lattal, 2001). Learning processes have
been shown to be a significant component of EPM fear- and anxiety-related
exploration behaviours (Rodgers et al, 1996), with specific time-dependent
properties which can be altered through pharmaceutical manipulations of
mechanisms involved in information processing and learning (Stern et al., 2008,
Carobrez and Bertoglio, 2005). Recently, a study by Rice and colleagues (2008)
characterised specific deficits in learning and memory consolidation in adult male
C57BL/6 mice, resulting from early disruptions of mother-infant interactions, in a
variant early life stress model. These deficits were suggested to be as a result of
impaired hippocampal function and alterations in neuroendocrine components.
Similar observations were made by Fabricius et al. (2008), describing significant MS-
associated alterations in hippocampal neuron numbers and spatial learning

strategies in mice.

The significant modification of treatment by test day, observed for OAT,
%O0AE, CAT and %pDIP parameters, reveal yet another dimension of differential
behavioural responses, in this case to unanticipated or uncontrollable environmental
variables. Notably, Fisher's post-hoc LSD tests showed significant between-group
differences for Day 1 of testing, only (Table 2.7). Systematic studies have shown that

behavioural tests are highly sensitive to a host of environmental variables, variations
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of which can have dramatic impacts on specific behavioural outcomes (Crabbe et al.,
1999). Although these environmental variables are difficult to identify, the most likely
contribution to this observed interaction effect (Treatment x Test Day) relates to
general environmental noise and activity in the two days prior to commencement of
tests and those during the 5 days of testing. EPM tests were conducted over 1 week
(Mon — Fri) and all animals, except for those tested on Day 1 (Monday), were
exposed to a moderate amount of environmental noise and general activity in and
around the animal facility. Animals tested on Day 1, would have experienced a
significantly lower degree of activity and noise during the course of the weekend.
Although inconsistencies between test days are generally undesirable, all animals
were exposed to similar variables on each test day; therefore, this interaction effect
again highlight treatment-dependent differences in behaviour. Importantly, as noted
previously, test day had no statistically significant effect on any of the significant

interactions between treatment and time (Treatment x Time bin).

A significant interaction between test day and time (Test Day x Time bin) for
both CT and tDip highlighted a generally high degree of treatment-independent inter-
day behavioural variability for specific time bins, with no implication for any of the

significant treatment-dependent observations.

Lastly, a significant three-way interaction effect (Treatment x Test Day x Time
bin) was seen for CT. However, no clear pattern was apparent, with specific
significant differences between groups at min 1 on days 1 and 5, and min 2 on days
3 and 5 (Fig. 2.9). Importantly, these interactions were not associated with the

significant min 4 to min 5 transition noted for CT (Table 2.5).

62



F(16, 252)=2.6139, p=0.001 <~ MS © SH
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Figure 2.9: CT Treatment x Test Day x Time bin interaction effects. Significant interactions effects can be
seen at min 1 on days 1 and 5, and min 2 on days 3 and 5; however, no pattern is discernable. Significant
differences at specific days between groups are indicated as *P < 0.001. Values are Means + 95% Cls.

The time-dependent nature of open arm exploration and risk assessment
parameters, in this study, reflected differences in stress-related adaptations,
suggesting treatment-dependent divergences in the learning/memory mechanisms of
CNS stress-associated information processing components; seen as a delayed
stress response in MS animals. Several lines of evidence substantiate this
interpretation. In mice, Rodgers et al. (1996) has described a high degree of
information gathering during the first minutes of a 5 minute EPM test, which result in
significant adjustments of behaviour. These within session time-dependent profiles
reflect spatial learning processes, evoking increased avoidance of the potentially
“dangerous” sections of the maze during the latter stages of a 5 min test (Rodgers et
al., 1996). Activation of the HPAA, in response to a spatial stimulus (e.g. novel
environment) requires input from the hippocampus (Ziegler and Herman, 2002).

Given the central role of the HPAA in driving stress- and anxiety-responses, a MS
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linked deficit in hippocampus-associated information processing could result in the
delayed activation of this axis; with a consequent latency in increased stress-related

behaviour.

2.7.2 OF resulits

Consistent with EPM behaviour, all parameters changed significantly over time,
independent of treatment (Tables 2.8 and 2.9). In contrast to EPM behaviour, none
of the parameters, with the exception of tGrooms, showed significant interactions
between treatment and time (see Fig. 2.8 for representative profiles). This interaction
effect (tGrooms) was only revealed through planned comparisons and was limited
exclusively to the 1% min of testing (Fig. 2.8A). Although this observation is isolated,
given no other significant Treatment x Time bin interaction effects for any of the other
computed parameters, grooming behaviour has been shown to reflect anxiety
(Kalueff and Tuohimaa, 2005) and likely reflects an initial response to the

environment (see below).

The most notable observation relates to risk assessment behaviours, where a
significant treatment-dependent effect was seen for tSAP, cSAP and pSAP (Fig.
2.7B - D). Although both groups initially exhibited high levels of risk assessment, in
line with previous rodent studies (Rodgers ef al., 1996), SAP behaviours were
consistently higher (Time bin 1 — 5) in the MS group, with significant between-group
differences from min 2 onwards (Fig. 2.7A). Importantly, this result agrees with EPM
observations, which also implied a significant modification of risk assessment

behaviour, albeit in a more complex manner.
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Interestingly, these observations underscore key differences between the
EPM and OF environments. Although systematic studies have shown overlap in
stress-associated behaviours in these two environments, differences in their
anxiogenic properties have been stressed (Ramos, 2008; Carola et al., 2002). The
EPM contains several complex spatial features (2x open arms, 2x closed arms,
centre platform, elevation from floor etc.), whereas the OF present rodents with a
less sophisticated choice between exposure and thigmotactic safety. In this study,
the OF was significantly smaller than those used in most other studies and was
modified with a brightly it centre area (120 W spotlight illumination), a highly
unpleasant stimulus for rodents; contrasted to EPM tests, which were conducted
under low illumination. The small size combined with an aversion amplified centre
area, presented an immediate stressor that would require limited evaluation, with a
reduced dependence on spatial learning. An immediate response to environmental
cues was seen in the increased risk assessment behaviours from test
commencement to end (Fig. 2.7A). Significant between-group differences in
grooming behaviour, during the first min of testing (Fig. 2.8A), additionally highlight
an immediate response to the contextual stressors inherent in this environment;
differing markedly from the more complex time-dependent responses seen in the

EPM.

Additionally, test day had a significant effect on tRear and pRear behaviours.
As tRear is dependent on pRear and cRear, and no effect was seen for cRear, this
outcome was mainly attributable to inter-day differences in pRear behaviours.
Inspection of the results show treatment-independent differences resulted mainly
from an increase in pRear frequencies on Day 3 of testing (Results not shown). This

observation is anomalous, as no other behavioural categories showed significant
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effects of test day; combined with treatment-independence, a contextualised

interpretation is not possible.

In contrast to EPM profiles, significant OF behavioural parameters were
modified immediately, with risk assessment differences maintained for the duration
of the test sessions. The more immediate behavioural modifications were likely due
to the small size and reduced spatial complexity of this environment, combined with

the highly aversive nature of the illuminated centre area.

2.8 EXTENDING CURRENT INSIGHTS — AVOIDING POTENTIAL PITFALLS

Extensive research in rats has shown that early MS can have a significant effect on
stress- and anxiety-associated neuro- and endocrine mechanisms in adulthood.
Behavioural studies have additionally highlighted MS-induced alterations of some of
the most common indices of fear and anxiety (de Kloet et al, 2005; Bakshi and
Kalin, 2002; Meany, 2001; Sanchez et al., 2001; Heim and Nemerof, 2001; Plotsky
and Meaney, 1993). In contrast to the substantial corpus of literature describing the
effects of MS on rat emotionality, there is a considerable paucity of studies
describing the long-term effects on mice. Typically, in rats, a decrease in the
exploration of the open arms, in the EPM, and centre area, in the OF, are the most
consistently reported behavioural effects of MS. Using C57BL/6 male mice, Romeo
et al., (2003) reproduced these findings, showing early MS (3hrs per day, PND 1 —
14) to have long lasting and robust effects on fear- and anxiety-states of the adult
males, measured as common EPM and OF parameters. The current study, however,
like that of Millstein and Holmes (2007) and Parfitt et al. (2007), failed to replicate

robust effects of MS on these conventional EPM and OF behaviours in mice.
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Of contextual relevance are comments by Korte and de Boer (2002), on the
robustness of EPM behavioural paradigms that assess basal levels of fear- and
anxiety-related exploration behaviour. They highlight the often inconsistent and
contradictory findings between laboratories. Citing as an example, an observation
that differences between genetically identical inbred mice are highly correlated to
testing laboratory, with many variables influencing outcome. The authors
emphasized critical aspects of neural mechanisms underlying spontaneous EPM
behaviour; pointing to the decisive role that cognitive appraisal processes play in
determining explorative outcomes. They contrast this to fear-potentiated EPM
exploration, which involve the elicitation of a fear-response prior to EPM exposure,
eliminating the need for extensive contextual evaluations by animals; producing

consistent and robust behavioural responses.

Recently, the disruption of mother-infant interactions in mice was shown to
have profound long-term effects on spatial learning and memory (Rice et al., 2008).
Deficits in these processes would lead to very different behavioural profiles in
environments with complex spatial features. In fact, disruptions in information
processing could lead to the delayed stress responses seen in the EPM in this study.
This scenario is problematic for analysis strategies that analyse behaviour as a bulk
time profile, as these approaches will fail to describe time-dependent adaptations
driven by the learning- and memory mechanisms associated with information
processing. It is interesting to note, that although several authors have highlighted
significant time-dependent changes in EPM behaviour during typical 5 min test
sessions, no systematic description of the effects of MS on minute-to-minute
behavioural profiles could be found. In this study, it was clearly demonstrated that

EPM behaviours exhibited complex time- and treatment-interaction profiles, which
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were shown to reflect significant differences in stress-related adaptive aspects of
novel exploration behaviour. In contrast, OF behaviour did not reflect this treatment
and time interaction. This was likely due to the reduced spatial complexity and
enhanced aversiveness of this environment, eliciting a more rapid stress-response

not dependent on complex spatiotemporal variables or cognitive evaluations.

The observations presented in this study raise some pertinent issues
regarding the validity of current mouse MS paradigms. The difficulty with which
observations from rat MS studies have been reproduced in mice (Millstein and
Holmes, 2007; Parfitt et al., 2007), make it clear that refinements are needed. Cryan
and Holmes (2005) have noted, importantly, that “mice are not little rats”, pointing to
the varying degrees of success with which rat models have translated to mice. These
observations have important implications for the interpretations of models such as
MS, which were originally validated rats. A review of mouse MS literature shows that
current implementations and behavioural assessments, using EPM and OF tests,
have been adopted directly from rat studies with little or no critical revision of
experimental expectations and interpretations. The behavioural parameters
commonly reported are limited to a few conventional indices of stress and anxiety.
Both Millstein and Holmes (2007) and Parfitt et al. (2007), did not report ethological
parameters for the EPM and OF and EPM tests, respectively. These parameters
have been shown to provide an increased resolution for the detection of alterations
in important stress- and anxiety-related behaviours (Choleris et al., 2001; Espejo,
1997; Rodgers et al., 1997). Additionally, neither of the above two studies consider a
temporal dimension of behaviour, choosing to report behaviour summed across a
test session. As noted earlier, time-dependent adjustments have been shown to

constitute a significant component of rodent behaviour within and between repeated
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test sessions. This observation was confirmed in the current study, with most of the
behavioural parameters showing significant changes across a 5 min test session,
independent of treatment. Therefore it is possible that recent failures to identify any
MS-associated differences in behaviour, using EPM and OF tests, is partly as a
consequence of the analytical expectations inherited from rat studies. Although
Milistein and Holmes (2007) have produced one of the most cornprehensive
assessments of MS in mice to date, it is suggested that theirs and the study by
Parfitt et al. (2007), as well as any future mouse MS studies, might benefit from an
analysis strategy that is aimed at detecting more subtle time-dependent

perturbations in both conventional as well as ethological measures of behaviour.

Finally, the EPM results in the current study, suggest a delayed stress-
response by MS individuals, seen as sudden changes in several anxiety-related
behaviours during the last minute of these tests. Determining whether these delayed
responses are as a consequence of (1) deficits in physiological components, such as
HPAA mechanisms, or (2) differences in cognitive functions, is challenging when
assessing behaviour at basal stress levels. Therefore, it is suggested that future
studies, wishing to specifically assess physiologically driven behavioural outcomes of
MS in mice might benefit from a fear-potentiation strategy, which will reduce

extensive cognitive appraisals by the animals (Korte and de Boer, 2002).

In summary, MS produced differential behavioural phenotypes with complex
time-dependent aspects in the EPM. Both open-arm exploration and risk assessment
behaviours exhibited these profiles. Importantly, risk assessment behaviours were
also significantly altered in the OF, with immediate and maintained differences
between MS and SH individuals. Grooming behaviour underscored an immediate

response to the OF environment. Risk assessment is a critical component of
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exploration behaviour, reflecting important ethological aspects of complex responses
to stress. Taken together these observations support the inference that MS modified
critical stress-associated mechanisms, involving both cognitive and emotional CNS

components, in the mice used in this study.

2.9CONCLUSIONS

In this study, early MS produced long lasting effects on adult behaviour, which were
not consistently apparent when time was excluded as an analytical component. In
the EPM, conventional statistical strategies, which typically evaluate behaviour as a
summed test session total, were not sufficient to reveal more complex time-
dependent behavioural profiles. Specifically, the spatially more complex nature of the
EPM test underscored treatment-related differences in the time-dependent
adjustments of anxiogenically loaded open arm exploration and risk assessment
behaviours. In contrast, the relative spatial simplicity and highly aversive nature of
the OF, elicited an immediate and consistent divergence in risk assessment

behaviours, between MS and SH individuals.
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- CHAPTER3 -

Predicting stress-related neural states using peripheral transcriptomics:
Molecular descriptions of neural, endocrine and immune components

3.1 INTRODUCTION

The structural complexity of the mammalian nervous system, its dynamic nature, its
integration into elaborate homeostatic networks and its in vivo inaccessibility, make
the molecular dissection of neuropsychiatric disorders uniquely challenging. It is
now known that psychopathological processes are multifaceted, with aetiologies
characterised by cumulative contributions from large numbers of genes, involving
complex interactions between several neural and non-neural components, in addition
to varying degrees of dependence on non-genetic factors, such as environment. In
the last decade, the simultaneous monitoring of the entire repertoire of gene
products, in a specific tissue or cell population, has been made possible through (1)
the completion of whole genome sequences for several organisms, including man,
combined with (2) the development of high-throughput molecular technologies, such
as DNA microarrays. This progress has facilitated a new generation of data-driven
experimental strategies, which hold great promise for the unravelling of complex

neuropsychiatric phenomena.

The application of microarray techniques in psychiatric settings is still in its
infancy, facing many practical and analytical challenges. However, this strategy has
begun to provide novel insights into the multi-dimensional molecular nature of
complex neuropsychiatric disorders (Mirnics et al., 2006). Interestingly, microarray
studies have recently highlighted the possibility of non-invasively “interrogating”

neural states, using peripheral tissue targets (Kawai et al., 2007; Runne et al., 2007;
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Bowden ef al., 2006: Kaushik et al., 2005; Segman et al., 2005). This is a promising
diagnostic avenue, based on the exploitation of the functional integration of neural-,
endocrine- and immune-systems into a NEl-axis (see Chapter 1). Specifically, these
studies have demonstrated a systematic relationship between the peripheral
transcriptome of blood and defined psychiatric states. However, it remains to be
established whether gene expression changes” in peripheral tissue targets are
paralleled by specific transcriptional alterations in neural tissues (Mirnics et al.,
2006). Such an undertaking is greatly complicated in human studies, where access
to in vivo neural tissues is mostly impossible. In this respect, animal models provide
a practical alternative which could help elaborate current insights into the diagnostic

relationship between peripheral and neural transcriptomes.

In this study, it was hypothesised that gene expression profiles of circulating
PBMC populations reflect specific stress-associated neural states. Using a mouse
maternal separation model, microarrays were used to evaluate this relationship, by
measuring, in parallel, the transcriptional profiles of PBMC and neural samples,

within a stress-defined context.

3.2 THE APPEAL OF MICROARRAYS IN PSYCHIATRY

Classically, the unravelling of complex biological phenomena entails defined
hypothesis-driven strategies, characterised by an iterative process of formalisation,
observation and refinement. This process is generally pursued by systematically
measuring and describing single components, gradually synthesising an integrated,

but often limited, picture of complex processes (Wilson et al., 2004). An implicit

“Gene expression changes refer to changes in mRNA transcript abundance as a consequence of
changes in transcription, mRNA stability or mRNA turnover.
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drawback of such a strategy is that the formalisation of new hypotheses is highly
dependent on existing characterisations of specific phenomena. This approach does
not readily facilitate novel insights into intricate associations and interactions of
components within highly dynamic environments. As a consequence, the synthesis
of reasonable hypotheses about complex psychopathological mechanisms is
constrained by the elaborate nature of nervous system processes and structures

(Mirnics et al., 2006).

In recent years, the emergence of high-throughput “~omic” technologies have
stimulated a transition from “one-component-at-a-time” hypothesis-driven research
strategies towards more data-driven discovery-based approaches, not dependent on
a priori formalisations; a very appealing scenario for neuropsychiatric research. DNA
microarrays have been leading the charge, by providing a highly efficient means for
the simultaneous assessment of MRNA transcript abundance of all genes in specific
cell or tissue populations. This approach facilitates the identification of subsets of
genes whose expression can be used to predict disease states. Demonstrations of
clinical applications, specifically the ability to produce disease-associated molecular
fingerprints, which can be used in diagnoses, classification and prognosis (Tang et
al., 2005), holds considerable promise for studies of psychopathological conditions.
However, the successful application of microarray technology faces several

methodological challenges and limitations.

3.3 CHALLENGES, LIMITATIONS AND CRITICAL CONSIDERATIONS

Microarray technology is based on the principle of complementary hybridisation

between nucleic acids. It is analogous to dot-blot systems, and can be understood as
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high-throughput implementations of these (Mirnics and Pevsner, 2004). The
technique allows researchers to simultaneously measure the complement of mRNA,
called the transcriptome, in any tissue target. Although several specific microarray
platforms exist, each with its own unique features, the general rationale is similar for
all. Briefly, large numbers of DNA fragments (targets) are deposited on glass slides
or membranes, at very high densities. The RNA sample (probes) to be assayed can
be fluorescently labelled with various methods and are hybridised onto the
microarray platform. Labelled probes hybridise to complimentary target sequences,
and upon high-energy laser excitation, fluoresce with proportionality relative to
abundance in the original sample. A number of excellent reviews provide detailed
descriptions of the technical features of common microarray implementations
(Mirnics et al., 2006; Konradi, 2005; Wilson et al., 2004) and will not be discussed
here. Rather, focus is directed at some important practical challenges in data
analysis which can have a significant impact on the interpretation of a data

generated in microarray experiments.

The impact which biological and technical variation can have on the outcome
of a microarray experiment has been extensively discussed. However, psychiatric
settings pose several additional unique logistical and analytical challenges, which set
these studies apart from many other clinical scenarios, such as studies of cancer.
Gene expression studies of neuropsychiatric phenomena are greatly complicated by
the nature of neural tissue targets, which are often (1) of limited supply, (2) difficult to
standardise, (3) functionally complex with a high degree of cellular heterogeneity and
specialisation, where (4) specific cells of interest might only constitute a small
proportion of entire sample, and (5) biologically significant changes in gene

expression is often modest (Barlow and Lockhart, 2002). In contrast to studies of

74



cancer, where tissue samples are usually (1) readily available, (2) well demarcated,
with (3) a much higher degree of cellular homogeneity and (4) robust changes in
gene expression (Soverchia et al.,, 2005), the successful detection of meaningful

gene expression changes in neural tissue targets pose a significant challenge.

A brief discussion of some important considerations will provide insights into
the challenges and limitations posed by microarray studies of psychopathological
phenomena; providing a theoretical framework within which experimental findings

can be interpreted.

3.3.1 Sample collection challenges

Sample collection variables can have a decisive impact on the observed patterns of
expression in a microarray experiment. Obtaining biologically meaningful results
require careful experimental design, taking note of practical limitations and potential

sources experimental variation.

3.3.1.1  Standardisation of sample conditions

The standardisation of sample conditions can contribute significantly to the success
of a microarray experiment. When working with human samples, the ability to
standardise variables, including: age, race, uniformity of disorders, medication
histories and often post-mortem intervals (PMI), is only superficially possible. All of
these factors can affect RNA profiles (Mirnics and Pevsner, 2004), and consequently
the ability to describe transcriptome changes associated with specific

neuropsychiatric disorders. These complexities are not easily circumvented as
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sample supply is often limited, inevitably requiring practical compromises. Careful
planning, with well defined exclusion criteria will help optimise experimental design

and reduce the impact of these variables on analysis outcomes.

Gene expression studies using relevant animal models as a first step, present
an alternative to human samples. A much greater degree of ease with which neural
samples can be obtained, combined with better control over the ability to standardise
not only genetic backgrounds, but regulate, to a large extent, specific environmental
conditions, has obvious advantages. However, working with laboratory animals has
its own unique challenges and as such represent a complementary alternative, not a
solution, to some of the logistical challenges associated with post-mortem human
tissues. The ability to standardise environmental variables, although theoretically
possible, is often difficult. Minor differences in environmental cues, handling and
killing procedures, and time of day when experiments are carried out, can all have a
significant effect on gene expression in the brain (Soverchia et al., 2005). Ideally all
manipulations should be carried out by the same caretaker for the duration of an
experiment. Additionally, experiments should be conducted within defined time
frames, thereby minimising the effects of circadian fluctuations on gene expression
and metabolism. Consideration of these factors, with appropriate procedural

adjustments, will facilitate optimal experimental interpretations.

Finally, differences in tissue stabilisation variables can have a significant
impact on effective transcriptional profiles. Human post-mortem samples are typically
characterised by PMIs of up to 30 hours (Mirnics and Pevsner, 2004). This
unavoidable feature can lead to changes in the complement of RNA transcripts in a
sample. Although the post-mortem induction of transcription, as result of delayed

processing, has not been systematically characterised, RNA degradation does
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occur. Systematic studies have shown that RNA degradation can dramatically bias
the results of downstream expression analyses, with up to three quarters of
differential gene expression being due solely to differences in RNA integrity between
samples (Auer et al, 2003). Therefore, successful microarray analyses depend
critically on the availability of high quality RNA (see below). When working with
animal models, sample stabilisation can be better managed, but still require careful
standardisation. In general, more rapid stabilisation of tissues will result in higher
quality RNA populations and consequently, more faithful transcriptional

representations of in vivo conditions.

3.3.1.2 Tissue heterogeneity

Neuropsychiatric research is usually conducted on tissue samples of neural origin.
The complexities of the mammalian nervous system have already been highlighted
and present a major challenge for downstream analyses and interpretations. The
brain is known to exhibit a high degree of cellular and anatomical specialisation.
Many important neurological events are associated with very modest transcriptional
changes in specialised subpopulations of cells, with often obscured anatomical
boundaries (Mirnics and Pevsner, 2004). Tissue isolation techniques are rarely able
to precisely isolate such specialised populations, resulting in a high degree of
functional heterogeneity in most samples. Consequently, transcriptional changes in
specific subsets of cells, within larger populations, will effectively be diluted or
masked by the overall profiles of these samples. In addition, specific gene
expression changes in stimulatory and inhibitory neural populations might occur in

opposite directions, and can contribute significantly to the “muting” of measured
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transcript abundances (Soverchia et al., 2005). Furthermore, imperfections in tissue
dissections can be a major source of variability between samples. These factors hold
important implications for the analysis of gene expression changes, where small
numbers of biological replicates, as is typical in most microarray studies, make the
statistical detection of modest gene expression changes, with often large amounts of

biological noise, very difficult (see 3.3.3.2).

The above discussion highlighted sampling challenges and important sources
of variation, which can a have an impact on microarray experimental outcomes and
interpretations. Although these forms of variation cannot always be eliminated,
balancing practicality with scientific rigour will help minimise their impact and improve
the power to detect biologically meaningful patterns. Having considered these
issues, subsequent experimental procedures and analysis strategies can be tailored

to take cognisance of the challenges inherent in specific sample sets.

3.3.2 RNA processing challenges

The preparation of RNA and subsequent hybridisation, involves an elaborate series
of sequential chemical manipulations. A major challenge is the faithful representation
of in vivo transcript abundances, post-processing. This multi-step process is highly
susceptible to the introduction of systematic inconsistencies, which can undermine
the reliability of downstream analyses. Critically important is the assessment and
standardisation of both quality and quantity of the RNA from which hybridisation

samples will be generated.
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3.3.2.1 Assessing RNA quality

As noted earlier, the delayed stabilisation of samples can have a significant impact
on RNA integrity. In addition, RNA is highly susceptible to degradation during sample
processing, as a consequence of nearly ubiquitous RNAases. Transcript
abundances are dependent on RNA integrity, variations of which can distort
measured gene expression patterns (Auer ef al., 2003). As such, it is important to
determine RNA quality, both integrity and purity, prior to further processing, and

exclude samples which do not meet study-specific quality control criteria.

Historically, the assessment of RNA integrity relied on visual interpretations of
28S:18S ribosomal RNA (rRNA) fluorescent ratios, using denaturing agarose gel
electrophoresis. Intact RNA is generally expected to show double the amount of 28S
compared with 18S rRNA bands. However, in recent years this method has been
demonstrated to be less reliable than originally thought. Systematic studies have
shown that intact samples can have a wide range of ribosomal ratios, differing
between tissue types, and that the relationship between ratios and integrity is a weak
one at best (Marx, 2004). Recent techniques, such as microfiuidic capillary
electrophoresis, allow for automated and reproducible measures of RNA integrity,
with much higher molecular resolutions. Many of these methods facilitate the
assessment of, not only the 28S:18S ratio, but estimates of total degradation
products present across the entire range of RNA species (Schroeder et al., 2006).
The objective and reproducible comparison of RNA integrity between samples, has

important advantages when assessing similarities in sample quality.

In addition to integrity, assessing sample purity will highlight contamination by

non-nucleic acid products, such as proteins and carbohydrates, which might inhibit
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the efficiency of downstream chemical reactions. Typically, Azso/A280 NM absorbance
ratios are used to measure purity, which should generally be higher than 1.8 (Wilson

et al., 2004).

The assessment of sample integrity and purity provide important information
about qualitative differences between samples, which might bias downstream
interpretations. It has been noted, that lower quality samples might still be sufficient
for use in a microarray experiment (Nygaard and Hovig, 2006), however, the
potential impact of reduced RNA integrity and purity should be carefully considered.
Importantly, the reliability of sample comparisons depends significantly on similarities

in sample quality.

3.3.2.2 Amplifying limited samples

Small samples with low RNA yields usually require an amplification step to generate
quantities sufficient for labelling and hybridisation. The range of sample inputs
sufficient for use in a microarray experiment has been greatly extended through the
introduction of RNA amplification techniques. These methods have proven very
powerful, and can be used with starting amounts of RNA in the picogram (107'?)
range (Nygaard and Hovig, 2006). The reproducibility of these procedures has been
extensively evaluated and is generally reported to be high; even improving the ability
to detect various low abundance transcripts (Nygaard and Hovig, 2006). However,
the potential introduction of biases during these procedures, including distortions of
transcript abundance relationships, has been highlighted (Soverchia et al., 2005).
Systematic studies have demonstrated discrepancies between unamplified and

amplified transcriptional profiles, additionally noting increased variability when input
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amounts are very small. Furthermore, differences in post-amplification transcript
abundances could result when RNA input amounts differ between samples (Nygaard
et al, 2005). This aspect is relevant to clinical settings, where the temptation to
maximise sample input, rather than standardise, in an attempt to obtain optimal
amplification output, could lead to biases in transcript abundances. Amplification of
RNA should be done in an identical manner, including standardisation of input

amounts, for samples to be reliably compared.

3.3.3 Data analysis challenges

Microarray experiments generate large amounts of data, requiring analytical
strategies which are different from those employed in classic one-gene-at-a-time
experiments. The microarray technique is particularly susceptible to the introduction
of technical noise which can greatly obscure biological signals. The careful
assessment and removal of these technical biases is an important step prior to any
interpretative undertakings. Moreover, microarray data is characterised by a high-
degree of multiplicity with generally thousands of observations being made for a few
biological repeats, making statistical inferences challenging. Finally, a meaningful
interpretation of the lists of genes typically generated, often require strategies that
are able to exploit the functional annotations associated with gene products.
Although these methods have advanced significantly since the early days of
microarray research, there are still various inherent challenges and limitations which

are worth considering.
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3.3.3.1 Data normalization

The measured levels of gene expression in a microarray experiment, is significantly
influenced by experimental variables, both biological and non-biological. The
potentially distorting contributions by sample collection and RNA processing factors,
already discussed, can be minimised through careful experimental design. However,
several other non-biological variables can lead to the introduction of systematic
variations in gene expression measurements. Technical variables, including: (1)
labelling and hybridisation efficiencies, (2) fluorescent capacities of labels, (3)
variations in array surfaces and (4) performance variables of fluorescent scanners,
amongst others, can systematically bias results. Specific data manipulations,
referred to as normalization can be applied to account for the effects of these
potential inconsistencies. Data normalization is a fundamental step in any
microarray experiment, with many different strategies available to researchers.
However, deciding on a specific normalization method can be very challenging, as
there is currently no consensus regarding the most appropriate strategies. The
problem is compounded by the fact that different strategies can produce distinct
descriptions of gene expression, resulting in divergent experimental interpretations.
Critical considerations and practical guidelines are discussed in detail by the author,
in Van Heerden et al. (2007) (Appendix A), providing a framework within which to

make informed decisions regarding the suitability of different normalization methods.

3.3.3.2 Differential expression

A major goal of microarray analysis is the identification of gene expression

differences associated with specific biological variables. Definitions of what
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constitutes biologically meaningful differences, are currently highly subjective, and
generally rely on statistical inference. Statistical tests are typically used to calculate
the probability that gene expression differences reflect a significant or a true
biological event. In microarray research, however, the question of statistical
significance is not straightforward, as the multiplicity of experimental observations
introduces a problem of multiple testing. Briefly, multiple testing issues arise when
large numbers of observations are evaluated simultaneously. Here the probability of
any single event (e.g. gene expression difference) occurring by chance, becomes
much greater, due to the number of observations made (Griffin et al.,, 2003). As a
consequence, the lists of genes generated in these analyses are expected to contain
true observations and observations resulting by chance. Enriching such a list with
true discoveries (i.e. real biologicai events), is a major analytical chalienge with little

consensus.

Common strategies approach the probiem, in general, by adjusting statistical
thresholds, relative to the number of simultaneous observations being made (which
is usually enormous), at which significance can be stated. The stringency of these
methods has important implications for microarray studies of tissues, such as the
brain, where small changes in the expression of various components, including
neurotransmitters or receptors, can have profound biological effects. Furthermore,
small numbers of biological replicates and high levels of biological variability
additionally complicate matters. Gene expression changes in these tissues are rarely

robust enough to meet these stringent criteria (Mirnics et al., 2006).

Recently, however, systematic evaluations have brought into question the
usefuiness of conservative statistical philosophies, such as multiple testing

corrections, for the identification of differentially expressed genes in microarray
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research. The aim of significance testing is to allow researchers to say something
about the probability of observing specific events again, should an experiment be
repeated, by delineating boundaries of “certainty” (or uncertainty). Therefore, the
issue of significance ultimately comes down to a question of reproducibility.
However, one of the major challenges in microarray research, currently, is the often
reported lack of concordance between replicate microarray experiments (Shi et al.,
2008). This situation reflects, in part, shortcomings in the criteria used to define
biologically significant changes in gene expression, within microarray contexts. Many
different statistical tests of significance are available to researchers, ranging from
classic student’s t-tests to more elaborate strategies. However, there is currently no
agreement regarding the most suited algorithmic approaches for the selection of
differentially expressed genes. The fact that different statistical tests of significance
will tend to generate divergent lists of genes, with only partially overlapping
populations (Jeffery et al., 2006; Shi et al, 2008), highlight a breakdown in
correlations between definitions of biological and statistical relevance. Many studies
have started addressing this problem, evaluating practical ways of improving the

coherence between biology and statistics.

A large study called the MicroArray Quality Control (MAQC) project set out to
specifically address the problem of statistical accuracy vs. biological reproducibility in
microarray studies, using both statistical and non-statistical thresholds (MicroArray
Quality Control Consortium, 2006). Interestingly, this study demonstrated very low
levels of reproducibility when purely statistical criteria are used to identify
differentially expressed genes. It was demonstrated that the additional inclusion of
an empirical criterion, Fold-change, significantly improved reproducibility.

Specifically, it was shown that a dual-criteria strategy, combining a relatively lenient
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statistical threshold (t-test with p < 0.05, without multiple testing adjustments) with an
empirical measure of change, such as a fold difference or fold ratio, results in
optimally reproducible gene lists (Guo et al., 2006). Mirnics et al. (2006) point out
that this method eliminates genes with low variance and small magnitudes of

change, a major source of false discovery.

Part of the problem of reproducibility is being able to consistently define
“significant” differences; definitions of biologically relevant differences can be highly
divergent. As such, combining several criteria to identify sets of genes with
overlapping properties will tend to eliminate observations that are peculiar to specific
statistical definitions of significance. Such a strategy of concordance will generate
lists of genes with properties that are more robust and less reliant on one-
dimensional interpretations of significance; an attractive alternative to the stringency

of methods that correct for multiple testing issues.

3.3.3.3 Functional interpretation

A fundamental feature of any complex biological system is the fact that gene
products function in large networks, with many interactions and coordinated events
determining an outcome; that is, gene expression changes are not isolated events.
Many analytical strategies have been developed to exploit this insight, and this is
essentially where the power of microarray analysis comes into its own; allowing for
more sophisticated questions and observations to be made, rather than seeking
simple changes in gene expression of individual genes (Griffin et al, 2003).

However, extracting meaningful biological themes from long gene expression lists is
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a challenging task, depending critically on the availability and contextual accuracy of

functional annotations.

Continuous efforts to extend functional annotations of gene products has
been greatly facilitated by the development of standardised vocabularies such as the
Gene Ontology (GO) database (Gene Ontology Consortium, 2008) which provide a
coherent framework within which to construct and interpret functional relationships
between large numbers of gene products. This database allows for gene products to
be systematically described in terms of (1) the biological processes within which they
participate, e.g. signal transduction or transcription (2) the molecular functions which
these products have, e.g. receptor activity or nucleic acid binding, and (3) the cellular
components or anatomical structures which these products form a part of, e.g. cell
membrane or ribosome. The defining feature of this vocabulary is its hierarchical
structure, which allows for general gene annotations to be systematically expanded
into very specific definitions, whilst maintaining relationships between different terms.
As an example a gene product could be involved in metabolism, but more
specifically in protein metabolism, with yet a further refinement indicating an
involvement in tyrosine synthesis; the structure of this database will reflect the
relationship between these increasingly detailed descriptions. It is clear that such an
approach could be very useful for the identification of biological themes, where many
gene products, within a list of genes, combine to participate in processes, functions
or form part of some cellular structure. Typically researchers can query the GO
database, using various software tools (see

www.geneontology.ora/GO.tools.microarray.shtml), with lists of differentially

expressed genes, to determine if any GO terms are “enriched” within these lists; that

is, if any of these terms are statistically over-represented in such a list relative to a
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reference list. A term can be considered to be over-represented when it occurs in a
list more often than would be expected by chance. However, the definition of chance
depends critically on (1) the size of the sample list, (2) the size and profile of the
reference list and (3) the completeness of annotations within both sample and
references list. Moreover, the statistical calculations used to determine over-
representation face some of the same multiple testing problems encountered in
differential expression analysis. In addition to the GO database, other resources,
such as the Kyoto Encyclopaedia of Genes and Genomes (KEGG) (Ogata et al.,
1999) allow researchers to evaluate biological themes or relationships within defined
functional pathways, for example MAPK signalling or Apoptosis. Although these
efforts provide indispensible tools for the functional analysis of high-throughput gene

expression data, some practically relevant lirnitations require brief consideration.

Firstly, the extent to which different genes, from different organisms and
different tissue targets have been annotated can vary significantly. The
completeness of annotation databases, in other words, the number of gene products
covered and the detail with which they are described, depend largely on the general
interest of the scientific community. The ability to uncover enriched biological themes
or functional pathways depend critically on the extent to which any gene list has
been annotated. This is an important aspect to consider when studying phenomena

that might have received limited attention.

Secondly, and related to the first issue, functional annotations are usually
assigned to gene products based on specific experimental findings, or automatic
annotations derived from similarities to other gene products

(hitp://www.geneontology.org/GO .evidence.shtml). Both these methods have

important implications for the interpretation of functional annotations. The fact that
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many genes have divergent functions in different parts of the body, mean that the
functional annotations of a gene product, within a specific context, might not apply to
others. This is of particular concern for brain studies, where genes often have very
different functions from those in non-neural tissues (Griffin ef al., 2003). In general
the accuracy of any functional description is critically dependent on the extent to

which a gene product has been studied.

An additional consideration pertains to the fact that functional analyses are
typically conducted on lists of genes identified as differentially expressed. The
successful identification of enriched functional themes in such a list, require that a
significant number of genes within a particular category show expression changes
robust enough to pass differential expression criteria. However, important biological
phenomena can result from small but coordinated changes in the expression of
several genes. Many of these genes might not pass the thresholds of differential
expression, but contribute nonetheless to the outcome of some biological response.
Recently, methods that recognise the more subtle and coordinated manners with
which complex biological phenomena can be directed, have started to emerge
(Dopazo, 2006). These methods, referred to as gene set enrichment strategies, is
based on a general approach where the identification of significantly enriched
biological themes does not depend on large numbers of functionally related genes
with robust expression differences. Rather, an entire set of genes is evaluated in
terms of the directional coordination in gene expression, within defined functional
classes or terms. In other words, such approaches assess the overall behaviour of
genes participating in a class, and determine whether the combined behaviours of
many genes, constitute a significant response. A particular example of such an

approach is that employed by the Fatiscan procedure (Al-Sharour et al., 2006),
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which uses a segmentation test to evaluate the coordinated distribution of functional
terms within an ordered list of genes. Briefly, an ordered list of genes (e.g. highest
test-statistic at the top and lowest at the bottom) is systematically partitioned (or
segmented) and the asymmetric distribution and enrichment of terms are evaluated
by comparing each partition to the remaining list of genes, thereby allowing for the
identification of co-ordinately expressed terms. In general, these methods have an
intuitive appeal and reflect a process by which many complex biological phenomena
are brought about; through a series of finally tuned, but coordinated transcriptional

events, often of modest magnitude.

3.3.3.4 Sample classification and prediction

One of the aims of many clinical microarray studies is the classification and
prediction of disease-associated sample classes. This process is often referred to as
supervised classification (Griffin et al., 2003) and stands in contrast to unsupervised
methods. Briefly, unsupervised methods employ a variety of clustering algorithms to
discover informative expression patterns without knowledge of the specific class or
label of each sample. On the other hand, supervised methods exploit a priori
definitions of individual sample identities to find sets of genes that could be used to
predict their specific sample class or label. The rationale behind these strategies
essentially assumes that changes in gene expression can produce the phenotypic
traits of samples (Simon et al.,, 2003); although this relationship could be complex
(see below). In other words, if specific changes in gene expression produce the
phenotypic features of samples, then such expression profiles could be used to

assign new arrays to a previously defined class.
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A major challenge in this process is the unbiased selection of genes from a
data set (Medina et al., 2007). In an ideal world, it would be possible to use one data
set to train and build a classifier, and then use a second independent set to test the
prediction efficiency of this classifier. However, due to the small number of samples
in most microarray experiments, this approach is not aiways possible. The
conundrum which researchers face is the following: If a sample set is too small, it will
contain insufficient information to build a robust predictor, on the other, if all samples
in a data set are used, the genes included in the predictor will show unrealistically
robust prediction efficiencies, when evaluated on the data set from which they were
selected in the first place. Overcoming this problem of data maximisation, whilst
minimising bias, is no trivial task. In recent years, a method called leave-one-out
(LOQ) cross-validation has provided an efficient workaround to this problem. Briefly,
this method allows an unbiased predictor to be built through an iterative process of
omitting each sample from the building stage, followed by an evaluation of prediction
efficiency on the entire set. This process is completed until all such permutations
have been assessed. The combined error rate of these iterations can then be used
to estimate prediction efficiencies that take account of gene selection biases (Medina

et al., 2007).

These methods have contributed enormously to the interest in microarray
technology by the clinical sector, specifically the potential of diagnostic applications.
The classification and prediction of cancer classes have been demonstrated by
several groups (Tibshirani et al., 2003; van't Veer et al., 2002). In addition, these
methods have been successfully applied to various other clinical settings, including
psychiatric diagnostics (Segman et al., 2005); extending previous observations that

showed gene expression profiles from blood samples to contain information that
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could potentially be used to build predictors of neurophsyiological classes or states
(Achiron et al., 2004; Tang et al., 2001). The classification and prediction of complex
pathological conditions, using information from multiple genes, could provide novel
insights into disease mechanisms, in addition to revealing new avenues for drug
development, and would also stimulate the development of improved diagnostic

strategies.

3.3.4 From transcriptome to proteome: an interpretive challenge

The above discussion highlighted several general methodological challenges, some
specific to psychiatric settings, which are inherent in microarray techniques. Although
many of these challenges are becoming less problematic, through advances in
technology and analytical techniques, microarray results, by its very nature, impose
an important interpretive limitation. Within clinical settings, the phenotypic
characteristics of pathological processes are usually as a consequence of
perturbations in protein levels or function. However, microarrays can only measure
changes in mRNA transcript abundance (Konradi, 2005). The conversion of mRNA
into a functional protein product is subject to an elaborate series of regulatory
mechanisms, which significantly affect the relationship between gene transcript and
protein levels. Consequently, correlations between mRNA and protein levels cannot
be assumed. Therefore, inferences about specific phenotypic traits and their
correlation to changes in gene expression should be made with caution.
Nevertheless, changes in gene expression are an indication of a biological response,

which might reveal important aspects of disease processes.
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3.4 PROGRESS IN PSYCHIATRIC RESEARCH USING MICROARRAYS

Despite all the challenges discussed above, microarray research continuous to
provide interesting insights into the complex mechanisms and functional themes
underlying many neuropsychiatric disorders. Schizophrenia research has been at the
forefront and has provided critical insights into transcriptional disturbances at
different levels of complexity, including neural metabolism (biochemical),
oligodendrocyte function and synaptic machinery (cellular), as well as components of
the GABA (y-aminobutyric acid) and glutamate systems (signalling pathways). Other
studies focussing on Autism, Major Depression Disorder and Bipolar Disorder are
beginning to deliver promising leads into some of the critical mechanisms associated

with these disorders (Mirnics et al., 2006).

Recently, the emerging use of mRNA transcript abundance data as a means
of classifying complex disease profiles has gained particular appeal as a potential
diagnostic tool within psychiatric settings. Specifically, the use of blood derived
transcriptomics as a surrogate for the indirect interrogation of specific neurological
states is an interesting prospect. The functional integration of neural, endocrine and

immune systems into a NEl-axis provide a theoretical foundation for this pursuit.

Tang et al. (2001) provided one of the earliest demonstrations of blood
derived transcriptional inferences about specific neurophsyiological states, in a proof
of principle study, using rats. They showed that a series of acute neural assaults,
such as intracerebral haemorrhage, kianate-induced status epilepticus and ischemic
strokes, resulted in gene expression changes in peripheral blood monocytes within

24 hours. Interestingly it was found that no single gene was sufficient to predict the
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specific type of brain injury, but a combination of several hundred genes made a

distinction possible.

Combined with advances in classification and prediction algorithms, several
recent studies have attempted to extend these observations to human
neuropsychiatric contexts, which are characterised by more subtle disruptions in
neurophysiology. These attempts have had some success, with a study by Tsuang
et al. (2005) demonstrating that the microarray analysis of peripheral blood samples
provide sufficient information to reliably discriminate between patients clinically
diagnosed with schizophrenia or bipolar disorder and healthy controls. A combination
of 8 genes (ADSS, APOBEC3B, ATM, CLC, CXCL1, DATF1 and S7100A9) was

found to provide a classification accuracy of + 95%.

In a similar study, Segman et al. (2005) demonstrated the ability to accurately
predict the onset and, importantly, the progression of PTSD, in a group of recently
traumatised patients, utilising the microarray expression profiles of PBMCs. In
contrast to the small number of genes needed for diagnostic classification of
samples in the Tsuang et al. (2005) study, more than 400 genes were needed to
classify two sets of samples with + 82% and 89% accuracy, respectively.
Furthermore, it was shown that differentially expressed genes were mainly involved
in (1) signal transduction, (2) transcription, (3) immune activation, (4) protein
biosynthesis and degradation and (5) apoptosis. Interestingly, genes known to be
active in several neural and endocrine tissues, including the amygdala,
hypothalamus, pituitary and adrenal medulla, were found to be significantly enriched
within the differentially expressed data set. These findings hold exciting prospects for
the development of non-invasive diagnostic techniques, based on peripheral blood

transcriptomics.
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Although results from these studies imply a functional link between psychiatric
states and gene expression changes in peripheral blood samples, an outstanding
issue is the demonstration that gene expression changes in peripheral tissue targets
are paralleled by transcriptional alterations in neural tissues (Mirnics et al., 2006).
For obvious reasons this is not possible within a clinical setting. In this respect,
animal models could provide additional insights into the physiological relationship
between neural responses and transcriptional alterations in peripheral tissues, within
a psychopathologically defined context. In the current study, the microarray analysis
of PBMC populations and selected brain regions, in a mouse MS model, was used to

investigate this link.

3.5 MATERIALS AND METHODS

The experimental methods described and followed in this study have been approved
by the animal ethics committee of the University of Cape Town (Ethics clearance
number: 006/007) and are in accordance with National guidelines for the care and

use of laboratory animals.

3.5.1 Sample collections
3.5.1.1 Acute restraint stress, sacrifice, blood collection and brain

dissections

At an average age of 93 days, all mice were moved to a room adjacent to the sample
processing area at least 30 min before restraint; restraint stress controls were moved at
least 30 min before sacrifice. One group of mice (Nus = 30, Nsy = 30) were subjected

to 10 min of acute restraint stress by placement in a ventilated 50 ml conical
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polypropylene tube, during which time individual weights were recorded. Following
restraint, individuals were placed back in their home cage for a 20 min period before
sacrifice. Restraint was employed as a means of acutely activating the HPAA
(Daniels et al., 2004), allowing for an assessment of neurophysiological stress-
responsivity; the 20 min period preceding sacrifice, served additionally to allow for
the HPAA initiated response to be propagated to target tissues. A second group of
mice (Nus = 8, Nsu = 8) were not subjected to restraint before sacrifice and served to
provide baseline measures of HPAA activity. All mice were sacrificed, within 15 s of
removal from cage, by means of cervical dislocation, immediately followed by
decapitation and collection of trunk blood. Trunk blood was collected into 1.5 mi
tubes pre-filled with 100 pl 3.8% (w/v) tri-Sodium-Citrate-dihydrate, which acted as
an inert anticoagulant. It has been shown, that citrate-stabilised blood affords better
quality RNA than other anticoagulants (Holland et al.,, 2002). All tubes were chilled
on ice prior to blood collection. Three defined brain regions (Paxinos and Franklin,
2004): the (1) prefrontal cortex, (2) hippocampus and (3) hypothalamus, were
immediately dissected and stored in RNALater® (Qiagen Inc., USA), according to
manufacturer's instruction, at 4°C overnight after which samples were moved to -
20°C for later processing. All neural tissues were isolated and submerged in
RNALater®, within 10 min of decapitation. Dissections were done under an Olympus
SZ51 stereo microscope (Olympus, Japan), with LED illumination, thereby limiting
heat transfer to tissues. All samples were collected within a 3.5 h window each day,
starting at 7h30 and ending at 11h00. This window was defined to control for
circadian fluctuations in HPAA activity and associated stress susceptibility, in

addition, basal HPAA activity is at a minimum during this window (Dalm et al, 2005).
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Mean individual weights were similar for both groups, with similar standard

deviations (S.D.) (MSmean = 28.00 g, S.D. = 1.93; SHmean = 27.25 g, S.D. = 1.73).

3.5.1.2 PBMC separation

PBMCs were isolated using a density floatation technique. The method uses
Optiprep™ (Axis-shield, Norway), a proprietary solution of lodixanol {5,5-[(2-
hydroxy-1-3-propanediyl)-bis(acetylamino)]-bis[N,N’-bis(2,3-dihydroxypropy|-2,4,6-

triiodo-1,3-benzenecarboxamide]}, with a density of 1.320 = 0.001 g/ml at 20°C,
specifically designed for the in vitro isolation of biological particles. After collecting
trunk blood, 250 ul aliquots were added to 12 ml sterile test tubes (Bibby Sterilin Ltd.,
UK), followed by S5 ml of a prepared tricine-buffered-saline(TBS)-lodixanol mixture
(TBS: 0.85% NacCl, 10 mM Tricine, pH 7.4, TBS-iodixanol: 5 ml TBS and 1.5 ml
Optiprep™). Once mixed, by gentle inversion, an additional 0.5 ml TBS was gently
layered on top of the blood-TBS-Optiprep™ mixture. This layer of saline prevents
cells from collecting at, and adhering to, the walls of the tube at the meniscus.
Samples were centrifuged at 1000 g for 30 min at room temperature. PBMCs were
collected, from the meniscus downward, in 4 ml of medium and added to a clean 12
ml tube. This suspension was diluted with two volumes of TBS. Cells were pelleted
at 400 g for 10 min. The supernatant was carefully decanted, cells snap frozen in

liquid N2, and stored at -80°C until further processing.

3.5.1.3 Plasma separation

Restraint stress-subjected plasma fractions were obtained from whole blood samples

after the removal of 250 nl aliquots for PBMC isolation. The entire whole blood
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volume from baseline (pre-restraint) samples was processed for plasma isolation.
Samples were centrifuged at 3,800 g for 7 min, and the plasma layer carefully
removed. Plasma fractions were snap frozen in liquid N, and stored at -80°C until

further processing.

3.5.2 Corticosterone assay

Circulating corticosterone concentrations were determined from 30 pl of citrate-
plasma samples, using a colorimetric emzymeimmunoassay (IDS, Ltd., UK),
designed for mouse and rat serum or plasma samples, with a minimum detection
limit of 1.5 ng/ml. Only samples for which sufficient amounts of plasma was obtained
were used for this assay. Baseline (pre-restraint), samples (Nus = 8, Nsy = 8) and a
subset of restraint subjected (Nms = 17, Nsy = 12) sarmnples from each treatment
group were used. The assay procedure was followed as described by the
manufacturer, with samples diluted 1:10 as suggested. A calibration curve was
constructed as per manufacturer’s instructions and concentrations were read from
the curve. Values were adjusted to reflect all dilution factors. Statistical differences
between samples were evaluated using the non-parametric Kruskal-Wallis test.

Significance was assumed at P < 0.05.

3.5.3 Microarray processing

3.5.3.1 Experimental Design

Fifty five samples, 15x PFC (8x MS and 7x SH), 10x Hic and 10x Hyp (5x MS and 5x
SH, each and 20x PBMC (10x MS and 10x SH) were used for microarray

processing, with a two-colour common reference design (Fig. 3.1). Samples were
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matched, so that 10 individuals (5x MS and 5x SH) were completely represented in
all tissues (See Supplementary Material S.1 for sample details). A reference pool
was constructed by combining equal amounts (0.75 pg) of pFC and Hic RNA from

both groups, which was stored as single aliquots of equal concentrations.

Commercial pre-spotted, full mouse genome, microarray slides (OpArray ™)
were sourced from Operon (Operon Biotechnologies, Germany) which were printed
with version 4.0 of the Mouse Genome Oligo Set. This set contained 35,852 longmer

probes, representing + 25000 mouse genes and approximately 38,000 gene

transcripts.
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Figure 3.1: Schematic diagram of the microarray experimental design. A total of 55 two colour slides, with a
common reference, were processed. Equal amounts of total RNA from pFC and Hic tissues, from both MS and

SH groups, were used to construct a common reference RNA pool.
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3.5.3.2 RNA purification and quantification

All RNA purifications were performed using Qiagen RNeasy® kits (Qiagen Inc.,
USA). Neural tissues were processed using RNeasy® Lipid Tissue Mini solution and
PBMC samples using the RNeasy® Mini solution. Samples were submerged in lysis
buffers and frozen for 10 min prior to homogenisation. Homogenisation was
achieved using polypropylene pestles (Sigma-Aldrich Corp., USA) attached to a
handheld drill. RNA extracts were quantitated using the Nanodrop ND-1000

spectrophotometer system (Nanodrop Technologies, USA).

3.5.3.3 RNA Quality Assessments

The Nanodrop ND-1000 spectrophotometer system (Thermo Scientific, USA) was
used to measures sample purity as Ays/Azso Nnm absorbance ratios. The RNA
integrity of neural samples were determined using the Agilent BioAnalyzer 2100
System (Agilent, USA), which generates a reproducible measure of integrity, called
the RNA integrity number (RIN) (Schroeder et al., 2006). RIN numbers for PBMC
microarray samples were not generated, as total RNA obtained from these samples
was critically limited. Instead, a surrogate sample set, representing total RNA from
PBMC samples which were processed in parallel, with suboptimal purity measures
(A260/A280 Nm ratios < 1.7) and which could not be matched to samples from other
tissues, was used to determine the general integrity of RNA obtained from PBMC
samples. Selection of PBMC samples used for microarray hybridisation was based
on amplified RNA profiles (see RNA amplification below). Although these profiles

were generated with the BioAnalyzer system they no longer have the features
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necessary to calculate a RIN number; instead, samples were chosen based on

visual similarities between these amplified profiles.

3.5.3.4 RNA amplification and labelling

Due to limited amounts of starting material the Amino Allyl MessageAmp™ Il aRNA
amplification solution (Ambion Inc., USA) was ernployed to generate sufficient RNA
quantities for microarray procedures. The protocol was followed as described by the
manufacturer with the only deviation being the suggested maximum length of the in
vitro transcription (IVT) reaction. Briefly, the procedure consists of reverse
transcription with an oligo(dT) primer, bearing a T7 promoter, to yield cDNA. A
second strand is synthesised to generate a template for T7 RNA polymerase. An in
vitro transcription (IVT) reaction, configured to incorporate the modified nucleotide 5-
(3-aminoallyl)-UTP (aaUTP), generates large amounts of antisense RNA (aRNA).
The aaUTP residues are then chemically coupled to either a Cy3™ (Green) or a Cy5
(Red) NHS ester dye during a labelling reaction. IVT incubation duration was 16 h at
37°C for all samples (maximum recommended time was 14 h). All neural tissues

were amplified from 0.5 ug total RNA, whereas all PBMC samples were amplified
from 0.18 pug. Reference pool samples were amplified from 0.55 pug of total RNA,
generating enough aRNA for ten hybridisations. All labelling reactions were done
using 6.5 ug of aRNA. Reference aRNA was labelled with Cy5 and sample aRNA

with Cy3™.

100



3.56.3.5 Slide preparation and sample hybridisation

All OpArray™ slides were prepared and processed according to the manufacturer's
instructions (Operon Biotechnologies, Germany). All hybridisations were performed
using 170 ng of Cy3™ labelled sample and Cy5 labelled reference (see Fig. 3.1).
This amount was found to yield dye concentrations within the range recommended
by the manufacturer. All hybridisations were done at 42°C for 16 h in humidified
Arraylt® hybridisation chambers (Telechem, USA). After washing, slides were dried
by centrifugation at 200 g for 5 min. Slides were kept in a light protected air tight

environment and scanned on the same day.

3.5.3.6 Image acquisition

All images were acquired using an Axon 4000A dual-colour confocal laser scanner
coupled to Genepix 6.0.27 Pro Software (Axon Instruments / Molecular Devices
Corporation, CA, USA). Photo Multiplier Tube (PMT) settings for both 532 nm (Cy3)
and 635 nm (Cy5) channels were adjusted to levels such that the ratio of signal
intensities of both channels were as close to one as possible, with similar range
distributions and minimal pixel saturation. Fluorescent signals were collected in Cy3

and Cy5 channels and stored as paired TIFF images.

3.5.3.7 Feature extraction

Image segmentation was done using Genepix 6.0.27 Pro Software (Axon
Instruments / Molecular Devices Corporation, CA, USA). Automatic morphological

feature alignment and background estimation was used and manually adjusted
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where necessary. A predefined filter was used to flag features that failed to meet a

set of minimum quality criteria (see Supplementary Material S2.1).

3.5.3.8 Data processing and analysis

3.5.3.8.1 Normalization

Data normalization was done in R, an environment for statistical computing and

graphics (R Development Core Team, 2008; htip://www.r-project.org). Specifically,

the Bioconductor (Gentleman et al., 2004, htip://www.bioconductor.org) package,

Limma (Smyth, 2005), was used to normalize all data (see Supplementary Material
S.2.2.1 for generic script). All previously flagged features (see Feature extraction)
were down-weighted (to 0.001) during normalization, contributing minimally to
correction factor estimations. All data were assessed visually and statistically, pre-
and post-normalization, to determine the most optimal normalization pipeline (see

Supplementary Material S.2.2.2 for statistical functions programming code).

Although visualisations are useful for the assessment of overall behaviours, the
resolution with which the outcome of normalisation can be evaluated is low. Specific
statistical measures provide a much a higher resolution, with reproducibility, which
can be used to compare different normalisation strategies and their efficacy at
removing technical noise. For this purpose several measures were constructed and

included:

(1) Pre-normalization whole array standard deviation
(2) Post-normalization whole array standard deviation
(3) Standard deviation of the pre- and post-normalization standard deviations for

each array — i.e. a measure of variability between the standard deviations of
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different arrays (which should be similar, as the variances of arrays are
expected to be similar). This measure should be smaller after normalization.
However, any improvement must not come about as a result of data
compression towards a standard deviation of 0 (see next two points).

(4) Squared difference between the data set median pre-normalization standard
deviation and the post-normalization standard deviation of each array — this
provided a measure of standard deviation adjustments and whether the
standard deviation of each array was adjusted towards the pre-normalization
data set median or away (as would be the case if all distributions are
compressed). The larger the squared difference the less efficiently the
standard deviation was adjusted towards the pre-normalization data set
median.

(5) Sum of the squared differences between the data set median pre-
normalization standard deviation and the post-normalization standard
deviation of each array — a measure of overall standard deviation adjustment
towards a pre-normalization median. A smaller number indicates more
efficient adjustments of all arrays towards the pre-normalization data set
median.

(6) Average within array replicates standard deviation, pre- and post-
normalization. These measures were calculated for 165 features, consisting of
35 sets of 5 replicates per array.

(7) A ratio of post-normalization:pre-normalization average standard deviation for
replicate features. Replicate features are expected to have similar expression
values within each array. Therefore variability is expected to be small between

individual replicates. After normalization this subset of features should ideally
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contain less variation than pre-normalization. A ratio of more than 1 indicated
an overall removal of noise from this subset of data.

(8) The average pairwise correlation between arrays within a data set. Because
most genes are expected to be expressed at similar levels, the between array
correlations should generally be quite high. Reduced correlations, post-

normalization, indicate the potential introduction of noise.

Combined with visualisations, methods were selected starting with improvements
in inter-array correlations (point no.8), followed by the best improvement in measures
of inter-array standard deviation variability (point no. 5 and then no. 3). Lastly, the

efficiency of replicate feature noise removal was assessed (point no. 7).

All neural hybridisations were normalized using Global Loess adjustments
combined with between array normalization, using the median absolute deviation
scaling method. PBMC samples were normalized using Print-tip Loess adjustments
only, with default settings. Background adjustments were not performed on any of
the hybridisations, as it was not found to improve the data. Normalization yielded

log,-transformed expression ratios, which were used for all subsequent procedures.

3.5.3.8.2 Duplicate merging, missing value imputation and pattern standardisation

Duplicate feature values were merged and missing values imputed using the Pre-

processing module of GEPAS (Montaner ef al., 2006; hitp://www.gepas.org). A first

round of duplicate merging was done based on unique oligo identifiers (i.e. all
features with the same oligo sequence). Following missing value imputation, a
second round of duplicate merging was performed using primary gene identifiers

(ENSEMBL Mouse release 43.36d, hitp://www.ensembl.org; Refseq release 22,
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http://www.ncbi.nlm.nih.gov; or Riken release 3.0, htip://fantom.gsc.riken.ip; where

available and in order of preference), thus reducing the number of duplicate gene
measurements. KNN imputation (with the default of 15 nearest neighbours) was
used to estimate missing values for (1) pFC patterns with a minimum of 66%
unflagged features (i.e. at least 10 out of 15 slides), (2) Hic and Hyp patterns with a
minimum of 70% unflagged features (i.e. at least 7 out of 10 slides) and (3) PBMC
patterns with a minimum of 55% unflagged features (i.e. 11 out of 20 slides).
Additionally, all gene expression patterns were standardised prior to hierarchical
clustering. Standardising patterns prior to clustering is a common practice, and
involves adjusting the mean of all patterns to zero and the standard deviations to

one; effectively bringing all values to a similar scale. Clustering was done using the

Tigr MultiExperiment Viewer V4.1 (TMEV, htip://www.tm4.org) from the TM4 suite of

microarray analysis tools (Saeed et al., 2003).

3.5.3.8.3 Batch effect removal

Batch effects and other forms of structured noise were removed from data using
ASCA-genes (Nueda et al., 2007). Briefly, this method uses a principal component
strategy to identify structured sources of variation attributable to experimental
design, such as batch effects, which commonly occur when samples are processed
as distinct subsets. Once components of variability are identified, gene expression
signals can be adjusted to exclude structured sources of experimental bias. In the
current study, a batch was defined as a single amplification, labelling, hybridisation
and scanning run, which included 5 slides. Other forms of structured noise were

identified as residual error (RE) and removed if any one factor accounted for more
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than 4 times the error that would be expected by chance (an example of scripting
code is shown in Supplementary material S.2.3). For example, in a set of 20 slides, if
noise was random, one would expect an average of 5 % RE within each component.
However, structured noise would show much higher values and indicate, therefore,
some kind of systematic bias, which can be removed. In this example, any factors

that accounted for more than 20 % RE were removed.

3.5.3.8.4 Differential expression

Differentially expressed genes were identified using a concordance strategy, based
on overlap between three statistically divergent approaches. Genes that had a P-
value < 0.05, using the Info statistic (Kaminsky and Friedman, 2002), from the

ScoreGenes software package (hitp.//www.cs.huji.ac.il/labs/compbio/scoregenes/),

and a P-value < 0.05 using the Tusher et al. (2001) Significance Analysis of
Microarrays (SAM) implementation in the T-Rex module of GEPAS

(http://www.gepas.org), in addition to an absolute fold-change > 1.2 (where fold

change is defined as the fold difference between MS and SH) were considered to be

differentially expressed (DE).

Briefly, the Info statistic is based on misclassification rates for each gene
measurement, which involve finding a threshold value of optimal separability
between treatment classes. The degree of treatment-specific measurement
separation by such a threshold value, whilst taking account of treatment class sizes,
is used to derive a p-value. The SAM method is also referred to as a moderated t-
statistic, and involves the stabilisation of the variance component of the t-statistic.

This method aims to address differences in inter-gene variance, which t-distribution
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derived statistics assume to be similar. Fold change is a simple empirical measure

of absolute mean expression differences between treatment classes.

3.5.3.8.5 Functional enrichment

Functional enrichment of GO terms within differentially expressed gene sets was
evaluated using Blast2GO (Conesa et al., 2005), whilst gene set enrichment analysis

was done using Fatiscan (Al-Sharour et al., 2006; http.//www.babelomics.org). In the

current study, gene expression data was ordered according to SAM statistics. Genes
over-expressed in MS samples were at the top of the list, with those at the bottom of
the list being over-expressed in SH samples (or under-expressed in MS samples).
The pFC and Hyp lists were evaluated using 50 partitions, the PBMC list using 55
partitions and the Hic list using 60 partitions. For each data set, the number of

partitions was chosen based on optimal enrichment output.

3.5.3.8.6 Classification and prediction

The efficiency of PBMC gene expression profiles at predicting the treatment class of
samples (i.e. MS or SH) was evaluated with the Prophet module in GEPAS (Medina

et al., 2007; hitp://www.gepas.org) using both the K-nearest neighbour (KNN) and

Support Vector machine (SVM) algorithm options. Leave-one-out cross validation
was used to counter selection bias whilst simultaneously assessing prediction

efficacy.
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3.6 RESULTS

3.6.1 Corticosterone assay

The HPAA is central to the physiological regulation of stress-responses, with its
activation characterised by changes in several hormonal messengers and receptor
targets. An important aspect of an activated HPAA is the secretion of glucocorticoids
(Cortisol in human and Corticosterone in rodents) from the adrenal cortex, which
serves to effect various physiological adaptations in response to a stressor
(Marques-Deak et al., 2005). As such, circulating levels of glucocorticoids can
provide important insights into the stress-responsivity of the HPAA. Importantly,
corticosterone profiles can be extended as an index of neurophsyiological responses

to stress, in rodents.

Acute restraint stress was used to elicit the activation of the HPAA, and
plasma corticosterone concentrations were used a means of inferring the magnitude
of this response. Figure 3.2 show that there was no difference in basal (pre-restraint)
plasma corticosterone concentration, between MS and SH individuals and that
restraint stress produced a large increase in concentration in both groups. Twenty
minutes after the cessation of restraint (post-restraint), corticosterone concentrations
were significantly higher in the MS samples compared to the SH group (H (1, N= 29)

=5.201771 p =0.0226).

3.6.2 Microarray analysis

All microarray data are interpreted as changes in MS sample expression, unless
stated otherwise. That is, over-expression or over-representation refers to an

overabundance or enrichment of gene transcripts and functional themes in the MS
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group, relative to SH samples; with under-expression or under-representation

designating the opposite.
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Figure 3.2: Plasma corticosterone concentrations. At baseline MS and SH individuals showed similar
concentrations of corticosterone. Restraint caused an increase in concentrations which was significantly higher in

the MS group, 20 min after restraint cessation. Values are means + 95% confidence intervals. *P < 0.05.

3.6.2.1 Choice of target tissues

Neural transcriptional profiles were evaluated at three functional levels, involving
defined brain structures which form part of the limbic stress pathway (Sala et al.,
2004). These structures participate in (1) cognitive or interpretive, (2) comparative
and (3) physiological components of responses to psychological stressors. Important
to stress-associated cognitive functions are cortical structures, such as the prefrontal
cortex (pFC) (Sala et al.,, 2004), whereas a “comparator system”, involving the
hippocampus (Hic), regulates whether a stressor requires a conditioned automatic

response or higher order processing (Vinogradova, 2001). Crucial to the integration
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of neuroendocrine and autonomic responses to a stressor, is the hypothalamus
(Hyp), regulating HPAA axis and sympathoadrenal activation (Sanchez et al., 2001).
Together pFC, Hic and Hyp tissues provided a tiered description of stress-associated

transcriptional profiles in the brain.

PBMC populations consist of a diverse collection of mononucleated immune
cells, constituting both the innate and adaptive branches of the immune system.
These cells respond to a wide range of chemical stimuli, including important stress-
hormones and neurotransmitters. Specific stress-related physiological responses,
such as glucocorticoid secretion, can induce important transcriptional changes within
these populations (Adcock et al, 2004). As such, it is expected that the
transcriptome of these cells can provide insights into stress-induced physiological

events, which is in part regulated by neural structures such as the hypothalamus.

3.6.2.2 RNA quality data

A Summary of sample purity (Azso/Azs0 NM ratios) and sample integrity measures,
reported as a RIN, is provided in Table 3.1. PBMC samples used for microarray
hybridisation were selected based on similar post-amplification profiles (a selection

of these profiles is shown in Fig. 3.3).

Table 3.1 Summary of microarray sample purity and integrity

Tissue I pFC Hic Hyp PBMC S";';’ﬂacte*
Measure Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Azso/Azgp 207 0.04 2.01 0.04 21 0.01 1.90 0.15 1.62 0.07
RIN 7.00 1.14 5.7 0.71 6.2 0.33 N/A N/A 7.8 0.91

*A set of PBMC samples with suboptimal Axse/Azs0 N ratios (<1.7), which could not be matched with other samples from other
tissues and which was used to infer PBMC sample integrity for parallel processed samples. S.D. = Standard Deviation
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Although Hic and Hyp RINs were low, all samples were efficiently amplified
(data not shown), which indicated intact 3'-ends as the amplification method required
the presence of intact poly(A)-tails (see Materials and methods). Furthermore, the
oligo’s on the OpArray™ microarrays are designed to be 3’-biased (see the Mouse
OpArray™ version 4.0 datasheet, http://www.operon.com). Therefore, given the
efficient amplification and the microarray oligo design, the quality of Hic and Hyp
RNA was deemed sufficient for microarray hybridization. In addition, all samples had

very similar integrities.

3.6.2.3 Data normalization strategy

To illustrate the normalization assessment process employed for all tissues, the
evaluation of a subset of normalization methods is shown for pFC samples. Visual
outputs are shown as boxplot summaries and MA-plots in Figure 3.4 and Figure 3.5,
respectively. Statistical assessments are summarised in Table 3.2. The results
demonstrate a comparison of three general normalization methods, Median, Global
Loess and Print-tip Loess (see Smyth, 2005 for technical descriptions), with or

without between array scaling and standard background subtraction.

Figure 3.4A shows the boxplot summaries of pre-normalized data. Clear
differences in the distributions of data between arrays are apparent from this image.
Post-normalization profiles for all three methods, with between array scaling, showed
a dramatic improvement in the similarities of boxplot distributions between arrays
(Figure 3.4B-D). However, these figures demonstrate the difficulty with which
differences in efficacies between normalization strategies are identified, as all three

methods appear to have removed systematic bias from the data. Figure 3.5 highlight
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the presence of a non-linear ratio-intensity bias (Quackenbush, 2002) in a
representative array from the pFC data set. From these images it is clear that only
Global Loess and Print-tip Loess were able to efficiently remove this bias. In

addition, Print-tip Loess appeared to generally compress the data.

In contrast to the visualisations, the statistical output (Table 3.2) provides
objectively comparable measures. The median normalization options were the only
methods which improved inter-array correlations (measure #8); however, from the
MA-plots it was clear that this approach did not deal effectively with non-linear ratio-

intensity bias.

On the other hand, Print-tip Loess greatly reduced inter-array correlations
(measure #8). Although it appeared as if this method very efficiently removed noise
from replicate sets (measure #7), the MA-plot shown in Figure 3.5D, indicate that this

was possibly as a result of data set compression.

The global loess method, combined with between array scaling, appeared to
provide the best normalization outcome. Although this option slightly reduced inter-
array correlations (from 0.54 pre-normalization to 0.53 post-normalization), this was
not significant, given that all other measures were found to be optimally improved by
this method. In addition, the MA-plot profile (Fig. 3.5C) confirmed that these

improvements were not as a result of data set compression.

After normalization, replicate merging, removal of flagged features and
imputation, the number of genes (unique ENSEMBL, Refseq or Riken identifiers)
expressed in each tissue was: (1) PFC, 15 760; (2) Hic, 17 344; (3) Hyp, 15 794 and

(4) PBMC, 13 306. All subsequent analyses were carried out on these sets.
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Figure 3.5: Pre- and post-normalization MA-plots of a representative pFC array. Shown here are MA-pots for
(A) pre-normalized data, in addition to (B) Median, (C) Global Loess and (D) Print-tip Loess normalized data. The
grey dashed-horizontal line indicates the zero ratio axis, around which the data is expected to be symmetrically
distributed. The red line illustrates the general trend in the data. In (A) this trend highlights the presence of a non-
linear ratio-intensity bias, which is not corrected by (B) Median normalization. In contrast, both Global (C) and
Print-tip Loess (D) methods effectively removed this non-linear trend, resulting in data symmetrically distributed
around the zero horizontal. Also note, that Print-tip Loess normalization (C) appears to compress the data, relative
to the other methods. M = log ratio = (l0g2Cy5/Cy3); A = average intensity = %Logz[(Cy5 intensity) + (Cy3
intensity)]

3.6.2.4 Batch effect removal

Batch effects and other sources of structured noise were removed from all tissue
sets, using Asca-genes (Nueda ef al., 2007). As an example, Figure 3.6 shows the

clustering of pFC samples prior and post to the removal of batch effects. Batch
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effects had a profound impact on sample profiles, as is evidenced by the fact that
samples cluster clearly based on their batch allocation. After the removal of batch
effects samples were more randomly distributed, as would be expected if systematic

bias was removed, and most of the genes were unaffected by treatment.
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Figure 3.6: Identification and removal of batch effects from microarray data. Shown here are unsupervised
hierarchically clustered pFC expression data (Pearson correlation metric with average linkage) for all genes
(note; image shows only a few hundred genes), (A) prior to the removal of batch effects and (B) after the removal
of batch effects. It can clearly be seen from (A) that samples cluster based on their batch allocation (i.e.
processing date). After the removal of batch effects (B), samples clustered much more randomly, as would be
expected if the majority of genes do not change between samples. Importantly, the removal of batch effects did
not lead to the artificial creation of treatment-based clusters. Cluster images were generated using TMEV V4.1.

3.6.2.5 Differential expression

Differentially expressed (DE) genes were identified in all tissues. Importantly, the

selection strategy significantly reduced the number of genes identified as DE by any
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one single criterion (see Fig. 3.7). The results highlight large differences in the
overlap between different criteria, emphasising selection bias by each individual
method. A summary of all DE expressed genes can be found in Supplementary

materials S.3.

info Info SAM

Info SAM Info SAM

Egld Dify

Figure 3.7: Differential expression criteria-overlap within each tissue. Venn diagrams showing the overlap
between different gene selection criteria (Info and SAM P < 0.05 and Fold difference > 1.2) for (A) pFC, (B) Hic,
(C) Hyp and (D) PBMC. Venn diagrams were generated using Venny (Oliveros, 2007).

All neural tissues exhibited approximately symmetric distributions of DE
genes. In contrast, differential expression in PBMC tissues showed significant
asymmetry with a majority of over-expressed genes (See Fig. 3.8 and Table 3.3).

Unsupervised hierarchical sample clustering (Pearson correlation metric, with
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average linkage) of differentially expressed genes, produced clear treatment (MS or

SH) separations within all tissues.
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Figure 3.8: Hierarchically clustered standardised profiles of differentially expressed genes. Shown here
are the false colour profiles of hierarchically clustered (Pearson correlation metric, with average linkage)
differentially expressed genes for (A) PBMC samples, and neural tissues (B) pFC, (C) Hic and (D) Hyp. Genes
more highly expressed in MS samples are at the top and those more highly expressed in SH samples at the
bottom. The selected genes produce a clear separation between MS and SH samples. Cluster images were
generated using TMEV V4.1. P = PBMC; F = pFC
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Table 3.3 Summary of total differentially expressed genes within each tissue set

Peripheral Blood

Prefrontal Cortex  Hippocampus Hypothalamus Mononuclear Cells

(pFC) (Hic) (Hyp) (PBMC)
Total DE / % of

154/ + 1% 146/ 1% 150/ + 1% 418/ + 3%
expressed genes
Over / under

66 /88 71175 69 /81 347171

expressed

An evaluation of functional enrichment within DE neural gene sets, using
Blast2GO, revealed no statistically significant terms, with genes distributed across
several functional classes (results no shown). Of specific relevance to this study,
however, was the identification of DE genes whose products are known to participate
in stress-related signalling or behavioural regulation (see Table 3.4 for summary). In
the pFC (Supplementary material S.3.1) these included important regulatory receptor
components of the glutamatergic (P2Y purinoceptor 4, PZ2ry;), GABAergic
(Neuropeptide VF, Npvf), serotoninergic (Serotonin receptor 3A, Htr3x) and
dopaminergic (Prostaglandin E receptor 1, Ptger1) systems. The hippocampal set
(Supplementary material S.3.2) included adrenomedullin (Adm) and the nicotinic
cholinergic receptor alpha 2, Chrna2. DE genes with direct or inferred stress-related
functions in the hypothalamus (Supplementary material S.3.3) included cortistatin
(Cort), cholecystokinins (Cck), hypocretin (orexin) neuropeptide precursor (Hcrt), and
pro-melanin-concentrating hormone (Pmch), all of which, except Cort, have been
implicated directly in either the modulation of HPAA driven stress-responses or

modification of stress-related behaviours.
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Within the PBMC data set, DE genes (Supplementary material S.3.4)
displayed a diverse range of functional classes. However, using Blast2GO, no single
functional term was found to be significantly enriched (statistically) within this set. A
summary of the top five most abundant Biological process (BP), Molecular function
(MF) and Cellular component (CC) GO terms, highlight transcription and signalling
as the major biological processes, which are differentially requlated between MS and
SH PBMC samples (see Fig. 3.9). MF terms support this inference, with differences
in receptor activity, ATP and ion binding; both important mechanisms in cellular
signal transduction. Although cellular component terms are very general, membrane

and nucleus classes, denote major sites of signalling and transcription, respectively.

A % of genes asnatated with function

Sgral tarsthuction o= S ————

Grprotein coupled recepitor signalling pathesy
Regudation of tanscription, DRA-dependant
Raspones o stimulus

Figure 3.9: Top five BP, MF and CC GO terms within the DE PBMC gene set. (A) Biological process terms:
Signal transduction (GO:0007165), 38 genes (8%); G-protein coupled receptor signalling, pathway
(GO:0007186), 29 genes (7%); Regulation of transcription, DNA-dependent (GO:0006355), 28 genes (7%);
Response to stimulus (GO:0050896) and Transport (GO:0006810), 23 genes each (6%). (B) Molecular function
terms: Protein binding (GO:0005515), 64 genes (15%); Receptor activity (GO:0004872), 38 genes (9%); Metal
ion binding (GO:0046872), 37 genes (9%); Zinc ion binding (GO:0008270), 35 genes (8%) and ATP binding
(GO:0005524), 25 genes (6%). (C) Cellular component terms: Membrane (GO:0016020), 97 genes (23%);
Integral to membrane (GO:0016021), 87 genes (21%); Nucleus (GO:0005634), 49 genes (12%); Extracellular
space (GO:0005615), 33 genes (8%) and Intracellular (GO:0005622), 31 genes (7%). Image generate with
Blast2GO (Conesa ef al., 2005).
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Finally, no single gene was differentially expressed across all neural tissues.
There was minor overlap between some tissue pairs, except for pFC and Hic
samples, which shared no genes (see Fig. 3.10). None of the shared differentially
expressed genes appeared to have any known neuropsychiatric or

immunomodulatory functions (data not shown).

Figure 3.10: Differential expression overlap between tissues. A Venn diagram showing the overlap between
differentially expressed gene lists of the different tissues. Venn diagram was generated using Venny (Oliveros,
2007)

3.6.2.6 Gene set enrichment analysis

Fatiscan was used to perform an analysis of coordinated expression changes within
whole gene lists and revealed the significant enrichment of functional terms, in all
tissues. In the pFC several GO terms showed significantly coordinated distributions
(Fig. 3.11A) with gene products participating as synaptic membrane components,
both pre- and post-synaptic (GO:0042734 and GO:0042734), ATP-binding cassette
(ABC) transporter complex (G0O:0043190) and protein transport and localisation
(GO:0008104, GO:0006886, GO:0008565 and GO:0051234) showing general
under-expression in MS samples. In contrast, ribosomal components (GO:0003735

and GO0:0030529), signal transduction (GO:0004930, GO:0004872 and
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G0:0007166) and cholesterol biosynthesis (GO:0006695) was found to be over-

represented in MS samples.

Significant terms in hippocampal samples (Fig. 3.11B) included behavioural
defense and fear responses (GO:0001662 and GO:0001662), neuropeptide
signalling pathway (G0O:0007218), steroid binding (GO:0005496), hormone activity
(GO:0005179), ionotropic glutamate receptor activity (GO:0035255) and post-
synaptic membrane (GO:0042734), which showed a general over-expression of
genes participating in these classes (see Fig3.12B for example profiles). Metabolic
and transcriptional terms, were also enriched, but these were ambiguously

distributed between the two groups (data not shown).

Hypothalamic samples (Fig. 3.11C) were characterised by the coordinated
under-expression of metabolic process terms (G0:0044237, GO:0044238 and
G0:0043170) in MS samples, whilst signalling-related terms (GO:0007166,
GO:0004872) were regulated in the opposite direction. In addition, both blood
circulation (GO:0008015) and neurological process terms were enriched in the MS
group (GO:0050877).

Lastly, in PBMC samples (Fig. 3.11D), over-expressed terms could be
grouped, generally, into signalling- (GO:0004872, GO:0051606, GO:0005887,
GO:0007165, GO:0007154), immune- (GO:0006955, GO:0006952, GO:0005856,
G0:0007275 ) and, interestingly, neurologically-related (GO:0008188, GO:0050877)
classes. On the other hand, under-expressed terms all displayed a metabolic theme,
with terms related to RNA and protein processing (G0O:0003735, GO:0016070,
G0:0044267, GO:0009058, GO:0009059, GO:0015031, GO:0006412, GO:0005840,
G0:0003676 and GO:0043021) and energy metabolism (G0:0005739, GO:0051187

and GO:0006099).
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Figure 3.12 shows the gene expression profiles of selected enriched terms
and highlights, visually, the coordinated nature of gene expression within such
functional classes. General expression themes are clearly visible, although very few

of the individual genes passed the differential expression criteria used in this study.

Fear Response Immiwre Respanse

Hormone Activity

Postsynaptic
membrane

Pratein Transpart

Figure 3.12: Examples of significantly coordinated functional terms. Shown here are examples from (A)
Hippocampal samples and (B) PBMC tissues, where the standardized log, expression values of significantly
enriched terms within whole gene lists have been visualized. Although very few of these genes passed the
differential expression criteria, general themes are clearly visible. in the hippocampal samples, coordinated
differences are visible for Fear response, Hormone activity and Post-synaptic terms; genes participating in these
classes are generally over-expressed (yellow) in MS samples. Similarly, immune response genes are generally
over-expressed in PBMC samples, whilst genes participating in protein transport are generally under-expressed
(Blue) in these tissues. Within each class, genes were sorted so that those more highly expressed (average
expression) in MS samples are at the top. False colour images were generated using TMEV V4.1.

3.6.2.7 Samples classification and prediction

The classification and prediction of sample classes (MS or SH) using PBMC gene
expression values, were found to be highly efficient. Both KNN and SVM algorithms
produced maximum prediction efficiencies of 95%, i.e. a misclassification rate of 1/20
(see Fig. 3.13A). Using KNN (with 4 neighbours), 50 genes (see Fig. 3.13B for
expression profiles and Table 3.5 for a summary of these genes) were sufficient to

accurately identify sample classes 19 out of 20 times. Most of the genes included in
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the predictor were over-expressed, with only 4 out of 50 showing under-expression
in the MS group (Fig. 3.13B). SVM, however, only achieved this success rate using a
minimum of 125 genes (with linear and radial kernels). Both algorithms converged at
125 genes, after which the prediction efficiency remained stable at 95%. Importantly,
this 125 gene set consisted of the 50 genes included in Table 3.5, in addition to 75
other genes, which were the same for both algorithms (data not shown). This
indicated that the KNN algorithm was better able to extract classification information
from the smaller set of genes. Focus was therefore directed at this smaller set, which
represent, in clinical terms, a much more manageable diagnostic collection. Notably,
the same SH sample, PBMC69, was consistently misclassified as an MS sample,
using both algorithms (see Table 3.3 for KNN details). Interestingly, 4 of the 50
genes included in the predictor (Cck, Muted, St3gal6é and Tmem63a) were deemed
not differentially expressed. Closer inspection of these genes revealed very low

variance and perfect class allocation, but fold changes < 1.2.

A 08

error min
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Error in leaving-one-out-test

041 3 e e

gl N
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Number of genes selected

Figure 3.13. Sample classification and prediction results. (A) Leave-one-out error rates of classifiers. The
KNN algorithm (blue line) reaches an optimal prediction efficiency of 95% with a minimum of 50 genes. Using 125
genes the SVM algorithm (green line) obtains this efficiency, and converges with KNN. (B) Hierarchically sample
clustered (Pearson correlation metric with average linkage) profiles for the 50 gene predictor set. Notice, that
although only 19 out of 20 samples were correctly classified, hierarchical clustering separates all samples into
two general treatment-related clusters. Cluster images were generated using TMEV V4.1. P = PBMC
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Table 3.5 Summary of 50 gene predictor set, which classified samples with 95% accuracy*

Over/
. ENSEMBL / Refseq/ Under
Ogeron Description Symbol : q
Oligo ID Riken ID expressed
in MS
M400008627 RIKEN cDNA 4921528107 gene 4921528107Rik ENSMUSG00000074149 over
M200012683 Acetyl-Coenzyme A acetyltransferase 2 Acat2 ENSMUSG00000023832 over
A disintegrin-like and metalloprotease
M400004596 with thrombospondin type 1 motif, 9 Adamts9 ENSMUSG00000030022 over
M200000582 Adenylate cyclase 8 Adcy8 ENSMUSGQ00000022376 over
Actin related protein 2/3 complex,
M200005645 subunit 5-like Arpc5si ENSMUSG00000026755 over
M200006901  \TPase H+transporting, lysosomal VO 6,605 ENSMUSG00000039347  over
subunit E2
M400004024 cDNA sequence BC013672 BC013672 ENSMUSG00000037921 over
Bone gamma-carboxyglutamate g
M400008030 protein, related sequence 1 Bglap-rs1 ENSMUSG00000074489 over
M300011602 Carbonic anhydrase 14 Car14 ENSMUSG00000038526 over
M200000995 Cholecystokinins precursor Cck® ENSMUSG00000032532 over
M200013753 Coronin 7 Coro7 ENSMUSG(00000039637 over
Cytochrome P450, family 2, subfamily
M200003934 ¢, polypeptide 29 Cyp2c29 ENSMUSG00000003053 over
M300013894 RIKEN cDNA D130054N24 gene D130054N24Rik  ENSMUSG00000042790 over
M400003995 RIKEN cDNA D330050123 gene D330050123Rik ENSMUSGO00000072569 over
M300010488 Dermakine Dmkn ENSMUSG00000060962 over
M200003607 Dedicator of cytokinesis 7 Dock7 ENSMUSG00000028556 over
Endothelial differentiation, sphingolipid
M300014949 G-protein-coupled receptor, 5 Edg5 ENSMUSGQ00000043895 over
M400001692 Predicted gene EG620592 ENSMUSG00000071719 over
M400010593  Forkhead box protein R1 (Forkhead box ., ENSMUSGO00000074397  over
protein N5)
M300000132 Homeo box A4 Hoxa4 ENSMUSGQ00000000942 over
M400013298 LSM14 protein homolog A (Rap55) Lsm14a ENSMUSGO00000066568 over
M400004821 Lysocardiolipin acyltransferase Lycat ENSMUSG00000054469 over
M400009939  Nhogen-activated protein kinase kinase 5,34 ENSMUSGO00000042724  over
M300007290 Mesoderm posterior 2 Mesp?2 ENSMUSG00000030543 over
M200007123 Muted protein Muted® ENSMUSG00000038982 under
M200010626 Matrix-remodelling associated 8 Mxra8 ENSMUSG00000073679 over
M200007448 Nitric oxide synthase interacting protein ~ Nosip ENSMUSG00000003421 over
M300018063 Olfactory receptor 1495 Ofifr1495 ENSMUSG00000047207 over
M300017588 Offactory receptor 66 Oifr66 ENSMUSG00000058200 over
M300015973 Olfactory receptor 669 OIfr669 ENSMUSGO00000073916 over
M300002331 Predicted gene MGI1:3652048 ENSMUSG00000020682 over
M200003458 Oxytocin Oxt ENSMUSG00000027301 over
Mus musculus polymerase (RNA) |
M400010890 (DNA directed) polypeptide C Polr2c ENSMUSG00000031783 over
M200000936 Peripherin 1 Prph1 ENSMUSG00000023484 over
M300003403 PTK2 protein tyrosine kinase 2 Ptk2 ENSMUSG00000022607 under
M400001722 Slingshot homolog 3 (Drosophila) Ssh3 ENSMUSG00000034616 over
Type 2 lactosamine alpha-2,3-
M300003482 sialyltransferase St3gal6® ENSMUSG00000022747 under
M200000227 Stromal interaction molecule 1 Stim1 ENSMUSG00000030987 over
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Over/

n o ENSEMBL / Refseq/ Under
Op_)ero Description Symbol ] fseq
Oligo ID Riken ID expressed
in MS
M300001453 Surfeit gene 5 Surfs ENSMUSG00000015776 over
M400000616 Thrombopoietin precursor Thpo ENSMUSG00000022847 over
Transmembrane BAX inhibitor motif .
M400009774 containing 1 Tmbim1 ENSMUSG00000006301 over
M200013582 Transmembrane protein 25 Tmem?25 ENSMUSG00000002032 over
M400000938 Transmembrane protein 63A Tmemé63a® ENSMUSG00000026519 under
M400013169 N actin-binding repeat containing 2 ;5 ENSMUSG00000027022  over
isoform 2
M400014435 Zinc finger protein 84 2fp84 ENSMUSG00000046185 over
M400018008 Novel Protein Not assigned AC160535 over
M400012711 Novel protein (1830077J02Rik) Not assigned AC121847 over
M400017112 Uncharacterised Not assigned AK(054246 over
M400003712 Uncharacterised Not assigned AC122270 over
M400008575 Uncharacterised Not assigned ENSMUSG00000064159 over

*Genes are sorted by gene symbol; § Not included in differentially expressed gene list

Table 3.6 KNN sample classification summary*

Sample Number of genes used / Predicted Class
ID Real class 2 50 100 125

PBMC42 MS SH

PBMC47 MS

PBMC50 MS .

PBMCS58 MS

PBMC66 MS SH

PBMC63 MS

PBMC55 MS

PBMC54 MS

PBMC46 MS SH

PBMC43 MS

PBMC49 SH

PBMC53 SH

PBMC61 SH

PBMC65 SH

PBMC69 SH

PBMC64 SH MS

PBMC60 SH MS

PBMC57 SH MS

PBMC28 SH

PBMC21 SH

*Classes shown in red indicates misclassification
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3.7DISCUSSION

A mouse MS model was used to set up an experimental context for the evaluation of
PBMC transcriptomic-derived diagnostic classifications of stress-related neural
states. The combined characterisation of corticosterone profiles and neural
transcriptomes, following restraint stress, provided an independent molecular
description of stress-associated differences between treatment (MS) and control
groups (SH) of mice, substantiating an interpretation of treatment-associated PBMC

gene expression profiles.

Results highlighted stress-related differences in both circulating corticosterone
and neural transcriptome profiles between groups. Corticosterone concentrations
were significantly elevated in the MS group, 20 min after the removal of restraint
stress. Neural gene expression profiles from all regions showed differences in
important stress-associated genes and/or functional classes. Within this context,
PBMC transcriptional profiles were found to display differences in the expression
levels of many genes, in addition to the differentially coordinated regulation of
several functional terms. Importantly, PBMC gene expression profiles were found to

be predictive, with high efficiency, of the treatment status of individual samples.

3.7.1 Corticosterone results

Measurements of circulating corticosterone concentrations revealed significant
differences in the HPAA mediated stress-responsivity between MS and SH
individuals, in response to acute restraint stress (Fig. 3.2). The results obtained here
are in line with previous studies which show an increased stress-induced

corticosterone response in maternally separated individuals, in mice (Parfitt et al.,
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2004) and rats (Aisa ef al., 2007). The significantly elevated corticosterone levels in
the MS group, 20 min after stress removal, can be explained by at least two
hypothetical scenarios. Assuming that after stress cessation, corticosterone
concentrations start dropping back to baseline levels, either an initial hyper-
activation, or the inefficient post-restraint feedback inhibition, via the HPAA, within
the MS group, could produce the current outcome (Fig. 3.14). A combination of these
two scenarios would produce a similar result. A clear distinction between these
possibilities is not possible, as corticosterone samples were not collected at the time
of stress removal, nor during the 20 min recovery period before sacrifice. However,
previous studies provide some insights regarding the possible involvement of various

regulatory mechanisms which might produce the observed result.

Most of the available literature, on the effects of MS on stress-induced
corticosterone responses, has implicated impairments in glucocorticoid feedback
mechanisms, as a major contributor to HPAA hyper-responsivity. It is thought that
deficits in maternal care during early development results in reduced glucocorticoid
receptor densities in the hippocampus, a major regulatory site of HPAA feedback
inhibition (see Chapter 2). It is therefore likely that the observed result is due, at least
in part, to developmental deficits in glucocorticoid feedback regulation of stress-
induced HPAA activation. This scenario is depicted in Figure 3.14A. Furthermore,
MS has also been shown to affect various neurotransmitter systems, including
excitatory glutamatergic (Pickering et al., 2006) and inhibitory GABAergic
mechanisms (Caldji et al, 2000). Deficits in the regulation of these systems, in
response to stress, could lead to the hyper-activation of neural structures such as

the pFC and the hippocampus (see 3.7.2.1), which are known to modulate the
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stress-induced activation of the HPAA. An initially amplified response could produce

the corticosterone profiles shown in Figure 3.14B.
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Figure 3.14: Two hypothetical stress-induced corticosterone response curves. Both profiles (A) and (B)
could explain the observed differences in corticosterone concentrations 20 min after restraint cessation. Shown in
(A) is a scenario where the observed differences are explained by deficits in post-restraint inhibitory feedback,
rather than initial responses. The second scenario, shown in (B), describes an initial stress-induced hyper-
activation of the HPAA, which results in a higher maximum response, whereas the post-restraint decline rate is
similar for both groups, suggesting similar inhibitory feedback responses. Note: Axes are not drawn to scale,
corticosterone concentrations at baseline (Restraint start) and sacrifice (30 min) are indicated, approximately, as
experimentally obtained values, and it is assumed that corticosterone levels were higher after 10 min of restraint
than at the time of sacrifice. Red line indicates SH response and blue line MS response profiles, respectively.

Although the exact nature and time course of the corticosterone stress-
response is speculative, these results extend the observations made during the
behavioural testing of animals, confirming increased stress-responsivity in the MS
group. Additionally, these results highlight a possible mechanism through which
peripheral tissues such as PBMCs, could be exposed to differential chemical milieu

which could impact the biological profiles of these targets.
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3.7.2 Microarray results

3.7.2.1 Neural tissues

The gene expression profiles of neural tissues revealed several differences between
MS and SH individuals. The identification of genes whose products are known to be
involved in the regulation of stress-related neuronal activity, in addition to the
enrichment of several relevant functional terms, provided a substantial description of

stress-related divergences in the mRNA profiles of MS and SH groups.

Although no individual gene was differentially expressed in all neural tissues,
specific functional themes emerged. Starting with the pFC, differentially expressed
genes and enriched functional terms highlighted a specific theme involving the
glutamatergic and GABAergic systems. Specifically, differences between the groups
pointed to a state of enhanced glutamatergic signalling, possibly as a consequence
of deficiencies in GABAergic mediated inhibitory mechanisms, within the MS group.
These two neurotransmitter systems constitute the major stimulatory (glutamate) and
inhibitory (GABA) mechanisms of neurotransmission, and work together in a
counteractive manner to ensure optimal neuronal activity in response to stress
(Olson, 2002). These systems are normally in a state of equilibrium, with imbalances
having been associated with several psychopathological conditions (Moghaddam,

2002; Tsapakis and Travis, 2002).

Genes whose products are involved in the modulation of these two
neurotransmitter systems included P2yr4 and Npvf. The activation of P2yr4 positively
regulate glutamate release (Wirkner et al., 2007), whereas Npvf has been shown to
be an important inhibitor of GABAergic neurotransmission (Jhamandas et al., 2007).

The over-expression of both these genes in the MS pFC tissues, point to a

133



hyperactive glutamatergic system. Supporting this observation is the under-
expression of Myo6 in these MS samples. This gene is crucial for the efficient
endocytosis of postsynaptic glutamate receptors, with deficits in its expression
having been shown to result in increased excitatory neurotransmission (Osterweil et
al., 2005). Furthermore, Hfr3a was under-expressed in MS samples. The expression
of these receptors is strongly associated with GABAergic neurons and interneurons;
their stimulation has been shown to play an important role in the activation of GABA
mediated inhibitory neurotransmission in the prefrontal cortex (Puig et al., 2004,
Bloom and Morales, 1998). The identification of both pre- and post-synaptic
component (GO:0042734 and GO:0042734) GO terms as co-ordinately under-
expressed in MS samples, provided additional information in support of a
hyperglutamatergic state. Specifically, postsynaptic terms included three GABAa
receptors (GABAa alpha-1 and -3, and GABA, gamma-3). GABAa receptors are
critical to the GABA mediated inhibition of neurotransmission and the regulation of
anxiety-related behaviours (Wu et al., 2007), with deficits in these receptors having
been shown to result in enhanced anxiety (Crestani ef al., 1999). Presynaptic terms
included two metabotropic glutamate receptors, mG/uR3 (Group Il) and mGIluR7
(Group IlIl). Importantly, both these receptors function in negative feedback
mechanisms that serve to inhibit the presynaptic release of glutamate (Grueter and
Winder, 2005). Taken together, these observations provide support for a glutamate-

driven hyper-excitatory state in MS pFC samples.

Interestingly, hippocampal gene expression profiles extended the pFC
observations, with the significantly coordinated over-expression, in MS samples, of
genes whose products participate in ionotropic glutamate signalling (GO:0004970).

Within the hypothalamic samples, this hyperglutamatergic theme was not readily
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apparent. However, the speculative involvement of cortistatin, which was under-
expressed in MS samples, would extend this theme (see below). Briefly, the product
of this gene has been shown to inhibit glutamate induced responses in the

hypothalamus (Vassilaki et al., 1999).

These findings are highly significant given an established central role of
glutamate in the regulation of several fundamental aspects of stress-responses,
which include the modulation of executive and cognitive functions associated with
structures such as the pFC and the hippocampus. Furthermore a central role in the
regulation of HPAA activation and glucocorticoid secretion, in response to stress,
has been extensively described (Moghaddam, 2002). It is thought that glutamate-
driven neurotransmission within the pFC represent a common mechanism by which
other neuronal stress circuits are activated. Stressors such as acute restraint have
been shown to produce dramatic and rapid increases in glutamate levels primarily in
the pFC, which ultimately culminates in HPAA activation and glucocorticoid
secretion. In addition, the hippocampus has also been shown to be a major site of
stress-associated glutamate action. The mechanisms which regulate glutamate
action and release within this region appear to function downstream of prefrontal
cortical processes, constituting a secondary stress-response phase, which, unlike
the pFC, is sensitive to neuroendocrine modulation (Moghaddam, 2002). The
pronounced glutamatergic signature specifically within the pFC, is consistent with
observations which implicate prefrontal cortical glutamate signalling as a principle
mechanism by which stress-responses are modulated in the brain. Furthermore, the
implication of an over-expressed ionotropic glutamate signalling signature within the
hippocampal tissues, add further weight to an interpretation of divergent stress-

associated glutamatergic profiles. Combined, these observations suggest a
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hyperglutamatergic state, within MS individuals, primarily in pFC tissues, but also in
the hippocampus. Importantly, given the role of prefrontal cortical glutamate-driven
activation of the HPAA (and subsequent release of glucocorticoids), a
hyperglutamatergic state within MS individuals could, in part, explain the observed

differences in stress-induced corticosterone profiles.

Several other observations, within pFC and Hic samples, further substantiate
an inference of divergent stress-related states between MS and SH groups. In the
pFC samples, Ptger1 was differentially over-expressed in MS samples. Noteworthy
is the observation that acute restraint stress leads to a significant increase in
prostaglandin E2 (Garcia-Bueno et al., 2008), a natural ligand of Ptger1, in the CNS.
Activation of Ptger1, in turn, has been implicated in dopamine turnover in the pFC,
with a specific role in stress-related behavioural inhibition having been suggested
(Matsuoka et al., 2005). Within hippocampal samples, the coordinated enrichment of
functional terms describing stress-related behavioural processes was found.
Specifically, the general over-expression of both behavioural defense response
(GO:0002209) and fear response (G0:0042596) terms, within the MS group,
denoted clearly the coordinated augmentation of genes whose products participate
in behavioural responses to stress. Furthermore, both Adm and Chrna2 have been
implicated in the regulation of stress-related behaviours. Increased Adm levels are
associated with stress exposure and its activity has been shown to result in HPAA
activation (Shan et al.,, 2003). A regulatory role in the stress-response has been
proposed for Adm, with observations highlighting significant increases in anxiety-like
behaviours in mice with Adm deficiencies (Fernandez et al., 2008). In the current
study, Adm was over-expressed in MS individual, suggesting a possible response to

enhanced stress levels within this group. Chrma2, a nicotinic acetylcholine receptor
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(nAchr), binds acetylcholine (Ach) and nicotine, and was under-expressed in MS
samples. The activation of nAchrs have been associated with the modulation of
stress-related mechanisms in the CNS, including the release of several
neurotransmitters, the activation of stress hormone pathways and monoaminergic
transmission (Picciotto et al., 2002). This modulation, however, is complex as these
receptors function as heteromeric pentamers, with different subunit compositions
resulting in divergent functions (Shytle, 2002). Interestingly, the unique localisation of
the Chrna2 subunit in GABAergic interneurons, within distinct hippocampal regions
has been found, with a role in the regulation GABAergic neurotransmission having
been suggested for these subunits (Nakauchi et al., 2007). Therefore, expression
differences in this gene might reflect yet another contribution to the earlier inferred
deficits in GABAergic mechanisms. However, the exact role of Chrna2 in the
modulation of GABA release has not been sufficiently substantiated to include this
gene as part of the previous discussion.

At this point it is pertinent to consider the extensively informed a priori
assumption of MS-associated altered glucocorticoid receptor (GR) expression within
the hippocampus (see Chapter 2). In this study, these receptors were not found to be
differentially expressed between the two groups. Interestingly, a microarray study by
Weaver et al. (2006), whose group made some of the initial contributions regarding
insights into the MS-associated alteration of GR expression in the hippocampus, also
failed to report significantly altered GR levels, in the hippocampus of MS rats. The
lack of concordance between microarray results and results obtained by means of
more focussed techniques is not uncommon. On this topic, Mirnics et al. (2006)

emphasise the cautious interpretation of such findings as definitively negative, as
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false negative observations occur frequently in microarray experiments due to the
limitations of the technique (discussed earlier).

In line with pFC and Hic samples, hypothalamic tissues aiso displayed
divergent stress-related gene expression profiles between MS and SH individuals.
Importantly, several genes whose products are known to participate in the regulation
of HPAA activity were found to be differentially expressed between the two
experimental groups. Both Hcrt and Pmch were over-expressed in MS samples.
Significantly, increased levels of Hcrt mRNA has been characterised in the
hypothalamus in response to stress (lda et al, 2000). Hcrt is the neuropeptide
precursor to Orexin-A and Orexin-B (collectively referred to as the hypocretins or
orexins). A role for hypocretins/orexins in stress-responses has been characterised
in neuroendocrine and cardiovascular studies (Ferguson and Samson, 2003). Of
particular relevance to this study, is the observation that orexins modulate arousal
associated with restraint stress, stimulating the HPAA, with the subsequent release
of corticosterone (Stricker-Krongrad and Beck, 2002). Pmch is processed to produce
Melanin-concentrating hormone (Mch), a hormone which has been implicated in the
stress-related activation of the HPAA. Specifically, Mch has been shown to have a
stress-inducing or anxiogenic effect on mouse behaviour (Smith et al., 2005), with its
action resulting in the release of both ACTH and corticosterone (Kennedy et al.,
2003). Interestingly, experimental observations have characterised functional
interactions between the Mch and orexin systems within the hypothalamus, where it
has been suggested that Mch activity function to regulate and fine-tune hypocretin-

mediated excitation and arousal (van den Pol et al., 2004).

The mRNA for two other neuroactive peptides, Cck and Cort, were found to

be under-expressed in MS samples. The involvement of Cck in stress- and anxiety-
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related responses has been extensively characterised, with studies demonstrating
the Cck-induced activation of the HPAA and increased serum levels of ACTH and
corticosterone. Particularly relevant to this study, is the observation that MS
increased HPAA sensitivity, measured as serum corticosterone concentrations, to
Cck, in rats (Greisen et al., 2005). Therefore, the observed under-expression of Cck
in MS individuals could possibly reflect and adaptation to this increased sensitivity.
Lastly, Cort, a functional analogue of somatostatin (Sst), showed decreased levels of
mRNA in MS samples. Although no specific role in the regulation of stress-
responses has been described for Cort, several lines of evidence point to a possible
role in the regulation of HPAA activity. Firstly, Cort has been found to inhibit
giutamate induced responses, through the activation of Sst receptors in the
hypothalamus (Vassilaki et al., 1999). This observation is particularly relevant, as
glutamate signalling is known to result in HPAA activation (Herman et al., 2004).
Therefore deficits in Cort could result in enhanced giutamate-mediated activation of
the HPAA. This observation follows the hyperglutamatergic theme inferred from pFC
and Hic samples, but is purely speculative. Additionally, Broglio et al. (2008) cite
clinical evidence that implicate an inhibitory role for Cort (also called CST) in ACTH
and corticosterone secretion in patients with Cushing’'s disease (CD), a disorder
characterised by significantly elevated cortisol (the principle glucocorticoid in
humans) levels. It was found that Cort and Sst treatment exerted similar effects,
resulting in a reduction in both cortisol and ACTH, in CD patients only, and not in
controls. This data suggest an inhibitory role for Cort in response to elevated levels
of HPAA hormones. Extending these insights to the current study, a deficit in Cort
could potentially result in the inefficient down-regulation of corticosterone levels

subsequent to stress, leading to a hyperactive stress-induced HPAA profile. Notably,
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this interpretation complements the implication of the inference drawn from a Cort-

related deficit in glutamate inhibition.

A final and potentially significant observation relates to evidence that have
demonstrated the direct involvement of Hcrt, Pmch and Cck in the regulation of
feeding behaviour (Rodgers et al, 2002; Forray, 2003; and Fan et al., 2004,
respectively). Additionally, the indirect regulatory involvement of Cort was inferred
from observations which demonstrated an inhibitory action on ghrelin secretion
(Broglio et al., 2002); ghrelin is known to mediate important aspects of feeding
behaviour (Nakazato et al, 2001). In all vertebrates, feeding behaviour is
significantly affected by stress (Carr, 2002), and as such, alterations in the
mechanisms that regulate these behaviours could provide irnportant information
regarding stress-responses. Particularly relevant to these observations, is the
previous characterisation of MS-associated alterations in feeding behaviour, in rats
(Penke et al., 2001). Therefore, within the context of this study, the differential
expression of these genes underscores differences in pathways that regulate an
important stress-related behavioural phenomenon, which is taken as further

evidence of divergences in the stress-responsive profiles of MS and SH individuals.

The above discussion highlighted important differences in the transcriptome
profiles of pFC, Hic and Hyp tissues between MS and SH mice. Specifically,
emphasis was directed at several important stress-related genes and regulatory
themes, which provide evidence of functional divergences in mechanisms that
mediate stress-responsivity. Importantly, many of these differences have specific
implications for the stress-induced activation of the HPAA, providing a logical link to

the significant treatment-associated restraint-induced corticosterone profiles.
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3.7.2.2 PBMC tissues

PBMC gene expression was evaluated to determine whether the mRNA populations
derived from these tissues exhibited treatment-specific profiles. Many genes were
found to be differentially expressed between MS and SH individuals, with functional
enrichment analyses revealing specific themes. Most importantly, however, the
PBMC transcriptome was found to contain sufficient information to efficiently predict

the treatment class of individual samples.

Prior to a discussion of PBMC gene expression profiles, a brief consideration
of the potential effects of stress on the immune system and a critical limitation of the
current experimental design will help delineate boundaries for the interpretation of
results. Stress has been noted to have wide-ranging effects on immune-function,
differentially affecting specialised cell populations. Specifically, maintained chronic
stress states have been found to result in general immunosuppressive outcomes,
whilst brief periods of acute stress have been demonstrated to enhance certain
aspects of immune function (Dhabhar, 2002; Pruett, 2001). These effects are
thought to be mediated via both neuroendocrine mechanisms and the autonomic
nervous system (see Chapter 1). In the current study, the use of acute restraint prior
to sample collection hold an important implication for the interpretation of immune
system gene expression profiles, given the features of MS models. Specifically, MS
has been shown to have long term effects on various aspects of neuroendocrine
function, which in turn, can lead to the modification or adaptation of immune system
parameters. These features significantly complicate an interpretation of the relative
contributions of the long-term implications of MS, relative to the short-term
contributions of acute restraint, to the observed PBMC gene expression profiles. As

such, gene expression profiles are interpreted in general terms, with an emphasis
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only on evidence suggesting functional differences in PBMC profiles; no attempt is
made to dissect the specific long- (MS) and short-term (restraint) contributions to the

PBMC transcriptome.

A large number of genes (418) were found to be differentially expressed
between MS and SH individuals (see Supplementary material S.3.4) and included
several genes whose products are known to be important modulators of immune
system function. Examples include forkhead box P3 (Foxp3), an essential modulator
of T cell function (Kasprowicz et al., 2003); interleukin 17 receptor A (IL-17ra), the
receptor target for the IL-17 mediated inflammatory pathway (Gaffen, 2008); protein
tyrosine phosphatase, receptor type, C (Ptprc) (also known as Cd45), which has
been shown to play a critical role in lymphocyte activation and development
(Hermiston et al., 2003); and chemokine (C-C motif) ligand 5 (Ccl5) (also known as
Rantes), which regulates the activity of several cellular populations within the
immune system (Grayson and Holtzman, 2006). A diverse range of biological
functions were displayed by the set of differentially expressed genes, however, no
statistically significant theme emerged. Interestingly, the majority of differentially
expressed genes were over-expressed in the MS group. This was in contrast to
neural tissues, where differential gene expression appeared to be approximately
symmetrical. An evaluation of the functional nature of these genes highlighted a
theme involving mainly signalling, but also transcriptional processes (Fig 3.5). Within
these classes, genes whose products regulate both positive and negative aspects
(stimulatory or inhibitory) of these processes were found. These observations
suggest that the asymmetry displayed by these genes does not reflect either the

general activation or inhibition of immune-system processes, but a more complex
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functional state. These profiles are likely as a result of the overlapping

consequences of a stress-response time course (Sapolsky et al., 2000).

A surprising and unexpected observation was the identification of several
differentially expressed olfactory receptor (OR) genes. Although the expression of
these receptors have recently been characterised in specialised non-olfactory
tissues (Feldmesser et al, 2006), their function in the immune system remain
unclear. Interestingly, an important role for these receptors in sperm chemotaxis was
described, suggesting functionalities in addition to odorant perception (Spher et al.,
2003). It has been noted that the OR family contain genes whose products bind a
diverse range of ligands including odorants, hormones and neurotransmitters.
Furthermore, the characterisation of odorant response abnormal 4 (ODR-4)
expression, a gene critically required for OR trafficking and targeting, in several non-
olfactory tissues, including activated T-cells, provide further insights into functional
OR-mediated signalling mechanisms outside of the olfactory epithelium (Lehman et
al., 2005). Although the identification of these receptors could be artefactual and a
consequence of the technical noise associated with microarray techniques, it is
possible that they participate functionally in regulatory signalling cascades within the
immune system, binding and mediating responses to various immunoactive ligands,
which include hormones and neurotransmitters. Given the lack of other such
experimental observations this interpretation is highly speculative, but could
represent a novel insight into regulatory functions of these receptors within the

immune system.

The functional enrichment analysis of all genes provided important insights
into more subtle, but significantly coordinated differences in functional themes (Fig.

3.8D). A general interpretation of these results suggest a functional shift in the
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immune system, characterised by the coordinated down-regulation of energy
requiring processes, such as protein synthesis and transport, an interpretation
substantiated further by the general down-regulation of terms associated with energy
metabolism, in favour of increased signalling activities, possibly in response to the
activation of signalling components by stress-induced chemical messengers. This
functional shift might reflect the well characterised mobilisation of energy and
inhibition of further storage in response to stress (Sapolsky et al, 2000).
Interestingly, the identification of neurologically-related terms (G0:0008188 and
G0:0050877), suggest the involvement of neuroactive products in this observed
functional shift. This is a significant observation given an established stress-related
interaction between neuroactive compounds and peripheral immune tissues (see
Chapter 1). Lastly, the general over-expression of immune-related terms provides an
important contextualisation for these themes, specifically emphasising an immune

response context.

The above observations suggest important functional differences between the
PBMC-derived transcriptional profiles of the two experimental groups. However, the
primary aim of this study was an evaluation of the ability to efficiently classify and
predict differential stress-related neural states. The evidence obtained from the
corticosterone assay and the neural transcriptomes, combined with behavioural
characterisations (see Chapter 2) suggest, strongly, that pre-weaning treatment (MS
or SH) resulted in differential stress-related profiles. Given this context, the
sufficiency of information inherent in PBMC samples was evaluated in terms of the

ability to derive accurate predictions of pre-weaning sample statuses.

Using a leave-one-out cross validation strategy, in combination with the KNN-

classification algorithm, 19 out of 20 samples (95%) were accurately classified with a
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minimum of 50 genes (Fig. 3.13 and Table 3.5). Notably, only one sample, belonging
to the SH group, was found to be consistently misclassified (Table 3.6). Of the 50
genes included in the predictor, 46 were functionally annotated. An evaluation of
functional enrichment within this set revealed no statistically significant themes. Of
particular interest, however, was the identification of 3 genes, Oxt, Cck and Adcy8
(all over-expressed), whose products are known to be important mediators of stress-
and anxiety-associated behaviours (Oxt - Windle et al., 1997 and Ring et al., 2006;
Cck - Greisen et al., 2005; Adcy8 — Schaefer et al., 2000). Both Oxt and Cck are
neuroactive hormones with previously described endogenous immunomodulatory
properties (Csaba and Pallinger, 2007; Meng et al., 2002, respectively). Notably, Cck
was found to be differentially expressed in hypothalamic samples, although in the
opposite direction. Other genes, with known immunomodulatory functions included
Thpo, whose gene product effects changes in T-lymphocyte compositions and blood
cytokine levels (Zhao et al., 1998); Stim1, a gene critically involved in development
and function of regulatory T cells (Treg) (Oh-hora et al., 2008); and Edg5, shown to
negatively regulate platelet derived growth factor induced motility and proliferation
(Goparaju et al., 2005), all of which were over-expressed. Furthermore, the Nosip
gene was identified, an inhibitor of the endothelial nitric oxide synthetase (eNos)
(Schleicher et al., 2005; Dedio et al., 2001), which is expressed in peripheral blood
lymphocytes. Nitric oxide production, in turn, is associated with T-cell activation, and
its inhibition significantly impairs this process (Nagy et al., 2007). Lastly, although
identified in the differentially expressed gene lists, the inclusion of three over-
expressed olfactory receptors (Olfr1495, OIfr66 and O/fr669) within the predictor set

was surprising. A speculative role for these receptors was described earlier.
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It is clear from the above results, that the transcriptional profiles of peripheral
immune tissues do indeed contain sufficient information for the efficient diagnostic
prediction of stress-related neural states. The significance of individual genes within
this predictor, and their functional relationship to stress-induced differences in neural
and endocrine systems is uncertain. However, it is possible that the products of
these genes participate in complex manners in pathways that are particularly
sensitive to stress-induced regulations of the immune system. Finally, the inclusion
of several genes with important immunoregulatory roles, in addition to Oxtf, Cck and
Adcy8, emphasise a functional link between neural- an immune-components within

stress-contexts.

146



- CHAPTER4 -

Conclusions and recommendations

The complexity of psychiatric disorders combined with the inaccessibility of the brain,
present unique challenges for the understanding and efficient diagnosis of these
conditions. However, in recent years, evidence has begun to accumulate which
suggest the possibility of indirectly or non-invasively interrogating neural states. The
development of high-throughput molecular techniques, such as microarray
technology, combined with the completion of whole genome sequences for several
organisms, has made such novel approaches possible. Specifically, researchers
have demonstrated the ability to accurately predict neuropsychiatric states from
peripherally derived transcriptional profiles; a very promising prospect for psychiatric
diagnostics. In the current study, the validity of this strategy was confirmed and
extended. Microarray gene expression analyses demonstrated that stress-related
quantitative differences in mMRNA expression levels in PBMC populations were
paralleled by stress-related transcriptional differences in CNS tissue targets, and that
the peripheral transcriptome contain sufficient information for the accurate prediction

of stress-related neural states.

As its primary goal, this study set out to evaluate the hypothesis that gene
expression profiles of circulating PBMCs is predictive of stress-related neural states.
A mouse model of early childhood trauma, maternal separation, with aetiological
constructs relevant to stress- and anxiety disorders was used. Importantly, an animal
model allowed for a multidimensional approach to the problem, including the

concomitant evaluation of changes in peripheral and neural transcriptomes. A
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comprehensive description of stress-related differences between maternally
separated (MS) and control (SH) groups involving behavioural, endocrine and
neuronal-transcriptional data provided an elaborated context for the interpretation of

PBMC-derived diagnostic inferences of stress-related neural states.

Firstly, behavioural tests were conducted to characterise the effects of early
MS on the stress-related behavioural profiles of adult animals. Given the literature on
MS, it was anticipated that this model would affect the development of key neural
structures associated with stress- and anxiety-related behaviours, producing
divergent neurophysiological profiles. The rationale behind the behavioural
characterisation was based on the assumption that differences in specific stress-
related parameters are indicative of divergences in the neural mechanisms

responsible for mediating these behaviours.

Behavioural results provided evidence of treatment-associated differences,
primarily in risk assessment behaviours, a critical component of stress-related
exploration behaviour. Importantly, the results emphasised a complex time-
dependent dimension to these behaviours in the EPM environment, which was not
apparent when evaluated with the analytical expectations inherited from rat MS
studies. In contrast, divergences in risk assessment behaviours in the OF were
immediate and sustained, probably as a result of the more aversive nature of this
environment, in this study. A critique was given of the shortcomings of conventional
analysis regimes in the identification of the more intricate behavioural patterns of
mice. It was suggested that studies such as those by Millstein and Holmes (2007)
and Parfitt et al. (2007), which failed to find any effect of MS on adult mouse
behaviour, might benefit from analysis strategies which take cognisance of time as a

significant behavioural dimension. Furthermore, the observed latency in behavioural
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divergences in this study, along with previously characterised effects of MS on
aspects of learning and memory, suggest that an extended test session (beyond 5
min) would facilitate a more detailed dissection of time-dependent aspects of

behaviour within stress-related contexts.

It should be stated, that the behavioural differences described between the
MS and SH groups, although found to be statistically significant, were of a modest
nature. Results gained from future MS-context behavioural studies, which exmploy
the analytical approach described here, should provide further insight into the

robustness, or lack thereof, of these findings.

Having established differences in behavioural parameters typically associated
with stress- and anxiety-behaviours; stress-related corticosterone profiles, in addition
to transcriptome differences of three selected brain regions and PBMCs, were
evaluated in MS and SH mice. An important feature of this component of the study
was the employment of acute restraint stress, prior to sample collections. It was
anticipated that the MS model would result in the altered stress-responsivity of
animals, specifically in the HPAA mediated stress-response. Corticosterone profiles
confirmed this expectation. While basal corticosterone levels were similar between
the two groups, post-restraint concentrations were significantly elevated in MS
animals. It was suggested that this difference could result, in part, from deficits in GR
feedback mechanisms, a previously characterised feature of MS models.
Additionally, an alternative interpretation was posited, suggesting that differences in
the initial stress-response, resulting from differences in stress-related
neurotransmitter systems, rather than deficits in feedback mechanisms, could
produce an amplified HPAA response. This interpretation is supported by

observations in the MS literature, which has described quantitative differences in
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components involved in stress-associated neurotransmission, including the

glutamatergic and GABAergic systems.

Combined, corticosterone and behavioural data provide evidence of
divergences in the stress-related profiles of the MS and SH mice use in this study.
Furthermore, the corticosterone data allow for some speculations regarding the
observed behavioural patterns in the EPM and OF environments. As noted, the OF
used in this study presented animals with a highly aversive environment,
characterised by high intensity illumination and a very small arena space. The
immediate and sustained differences in risk assessment behaviours, suggested a
rapid stress-response; likely as a result of the immediate activation of stress
circuitries, including the HPAA. In contrast, behaviours in the EPM were
characterised by an initial latency period, during which MS and SH animals exhibited
similar behaviours. Due to the spatial complexity and the relatively less aversive
nature (low intensity illumination) of the EPM environment, it was suggested that this
period might rely heavily on spatial appraisals and cognitive assessments by the
animals. Comments by Korte and de Boer (2002) provided support for this
interpretation. Such a scenario would likely result in a somewhat delayed activation
of stress circuitries, pending the outcome of evaluations by animals. This initial
period would therefore probably be characterised by a relatively inactive HPAA.
However, once a stress-response is fully activated, differences in the regulation of
stress circuitries could result in behavioural differences and explain, importantly, the
observed latency in divergences, only seen during the last two minutes of the EPM
tests. Although these interpretations are speculative, they provide a logical

integration of the observed similarities in basal corticosterone concentrations and the
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latency in increased stress-like behaviours seen for MS individuals in this

environment.

Following an analysis of corticosterone profiles, microarrays were used to
assess whole-genome transcriptional profiles of PBMCs and key neural structures
involved in the limbic stress pathway. Importantly, the use of microarrays allowed for
an unbiased discovery-driven evaluation, not dependent on a priori hypotheses, of
potentially complex differences within prefrontal cortical, hippocampal and
hypothalamic tissues - regions with critical functions in the regulation of stress-
responses. Emphasis was directed at genes and/or functional themes which have
previously been implicated in stress-response pathways. Combined the neural
tissues provided substantial evidence of functional divergences in mechanisms that
mediate stress-responsivity. The pFC and Hic tissues provided evidence of a stress-
induced hyperglutamatergic state in MS samples. Moreover, coordinated gene
expression changes within the hippocampal samples suggested differences in
functional classes specifically associated with stress-related behavioural
phenomena; a significant observation given the context of this study. Hypothalamic
samples highlighted differences in genes whose products have been shown to
mediate aspects of stress-induced HPAA activity. Importantly, the neural
transcriptional data suggested divergences in mechanisms which could result in the

stress-induced differences seen for the corticosterone response.

Within this context of established stress-related differences in neural
transcriptomes, PBMC gene expression data was interpreted. Firstly, a large number
of genes were found to be differentially expressed between the two groups. Although
no single functional term was found to be significantly enriched, these genes were

shown to participate, mainly in signalling, but also in transcriptional processes. An
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analysis of coordinated gene expression suggested a functional shift in the immune
system, characterised by the coordinated down-regulation of energy requiring
processes, along with energy metabolism, in favour of increased signalling activities,
possibly in response to the activation of signalling cormponents by stress-induced
chemical messengers. Lastly, it was shown that PBMC gene expression profiles
were predictive, with high efficiency, of the treatment status of individual samples.
Using a leave-one-out cross validation strategy, in combination with a KNN-
classification algorithm, a set of 50 genes was found to provide sufficient information
to predict sample classes with 95% accuracy. An alternative classification algorithm,
SVM, also achieved this accuracy; however, a minimum of 125 genes was needed.
Although both algorithms converged at this set of 125 genes, focus was directed at
the 50 gene set, as it represented, in clinical terms, a logistically more manageable
diagnostic collection. This set of 50 genes was shown to include not only genes with
immunoregulatory roles, but also, and of particular relevance, genes whose products

are known to be important mediators of stress- and anxiety-associated behaviours.

Combined, the behavioural, corticosterone and neural transcriptional data
provided substantial evidence which indicate that PBMC transcriptional profiles do
indeed reflect differences in the stress-related neural states, and that these

differences can be exploited diagnostically.

The microarray data demonstrated the efficacy of PBMC-derived
transcriptomic classifications of stress-related neural states, however, some
important limitations of the current study is worth noting. Firstly, although it is
assumed that the observed transcriptional profiles reflect differences in stress-
responsivity as a consequence of MS, the extent to which MS and restraint

contributed, respectively, to gene expression responses could, however, not be
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dissected. As such, no statements regarding the effect of MS alone, on the neural
transcriptome, could be made. The exclusion of an acute stressor, prior to sample
collections, would facilitate a more focussed assessment of the long-term effects of
MS on the neural transcriptome. Secondly, while the results highlighted some of the
discovery-based benefits of microarray techniques within psychiatric settings, certain
limitations were also encountered. Specifically, the extensively characterised MS-
associated deficit in GR expression in the hippocampus was not confirmed in this
study. It was noted that, rather than interpreting this finding as a negative result, it
more likely reflects some of the limitations associated with the microarray technique,
which were discussed in Chapter 3. Therefore, although many genes were found to
be differentially regulated between MS and SH individuals, the results only represent
genes for which differences were detectable given the limitations of microarray
based assays. Thirdly, it was noted that the relationship between mRNA and protein
levels is not linear, and that changes in mRNA populations cannot be assumed to
result in altered protein expression. Therefore, in this study the physiological
implications inferred from transcriptional profiles are speculative in nature; however it
is reasonable to assert that changes in mRNA levels provide a functional basis by

which alterations in protein expression might be brought about.

Lastly, future work will require the qRT-PCR validation of microarray-derived
gene expression results; independently confirming the results as real and not as
artefactual of the microarray technique or data analysis strategy. In addition, the
relevance of the predictor set of 50 genes within clinical settings, specifically within a
context of stress-disorders, needs to be evaluated. Although there are important
differences between humans and mice, many of the fundamental features of stress-

responses, including neural circuitries and homeostatic mechanisms, are conserved
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across mammals. As such, the predictor set might represent genes which are
generally sensitive and highly responsive to stress-induced alterations in mammalian
homeostasis, but needs to be clinically assessed. Finally, a question not addressed
in this study, but highly relevant, is whether PBMC derived diagnostic inferences
provide a sufficient resolution to discern between closely related neuropsychiatric
disorders. That is, to what extent are these cell populations sensitive to, and
reflective of, minor differences in psychiatric dysfunction? Although Tsuang et al.
(2005) demonstrated the ability to distinguish schizophrenia from bipolar patients;
most studies have assessed peripheral transcriptional diagnostics within single
disorder contexts. Therefore, future studies should consider evaluating, in parallel,

the PBMC derived classification of several closely related psychiatric disorders.

In conclusion, the work presented here extends current insights into the
potential of PBMCs as non-invasive diagnostic indicators of stress-related neural
states. Although there are important differences in the stress-response mechanisms
between humans and mice, the results strongly support the previously demonstrated
viability of such an approach within psychiatric settings. Importantly, the results
established that stress-related differences in the PBMC transcriptome are indeed

paralleled by differences in the neural transcriptome.
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- SUPPLEMENTARY MATERIAL -

S.1 CORTICOSTERONE ASSAY AND MICROARRAY SAMPLE SELECTIONS

Due to logistical limitations, such as sample quantity and quality, complete matching
of all samples was not possible. A summary of sample id’s and matching is provided

in the table below.

Table S.1.1 Sample processing summary

Microarray samples

Sample Corticosterone
D Treatment Assay :
pFC Hic Hyp PBMC
5 SH R
14 SH R
15 SH R X
20 SH R
21 SH X X X X
28 SH X X X X
29 SH R
41 SH R
48 SH R X
49 SH X
53 SH R X X X X
57 SH R X
60 SH X
61 SH X X X X
64 SH R X
65 SH R X
69 SH R X X X X
7 MS R
10 MS R
16 MS R
17 MS R X
19 MS R
22 MS R
23 MS R
26 MS R
27 MS R
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Microarray samples

Sample Corticosterone
D Treatment Assay
pFC Hic Hyp PBMC
30 MS R X
42 MS R X X
43 MS R X X X X
46 MS R X
47 MS X X X X
50 MS R X X X X
54 MS X
55 MS R X
58 MS X X X X
63 MS R X X X X
66 MS R
70 MS R
Baseline Corticosterone Sampies
33 SH B
35 SH B
36 SH B
37 SH B
72 SH B
73 SH B
78 SH B
80 SH B
31 MS B
32 MS B
38 MS B
40 MS B
74 MS B
75 MS B
77 MS B
79 MS

M=Maternally Separated ; SH=Simulated Handling ; R=Restrained ; B=Baseline; pFC=Prefrontal Cortex ;
Hic=Hippocampus ; Hyp=Hypothalamus ; PBMC=Peripheral Blood Mononuclear Cells ; Bold text indicates
microarray matching across all tissues ; Bold text plus shading (grey) indicates complete matching across all

molecular assays.
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S.2 MICROARRAY PROCESSING

S.2.1 Genepix flagging criteria

A set of logical criteria were defined using Genepix 6.0.27 Pro Software (Axon

Instruments / Molecular Devices Corporation, CA, USA), any features that met these

criteria were flagged allowing for exclusion or down-weighting in subsequent

procedures. The criteria were as follows:

[Name] = "Dye Marker"
[Flags] = [Clear]
[Name] = "Buffer"
[Flags] = [Clear]
[Name] = "null”

[Flags] = [Clear]
[Name] = "EMPTY"
[Flags] = [Clear]

[F Pixels] < 25

[Flags] = [Clear]

[F532 Median] > 65532
[F635 Median] > 65532
[F532 CV] < 100

[F532 Median] < 50
[Flags] = [Clear]

[F635 CV] < 100

[F635 Median] < 50

[Flags] = [Clear]

And
Or
And
Or
And
Or
And
Or
And
Or
Or
Or
And
And
Or
And
And
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S.2.2 Data Normalization and statistical assessment

S.2.2.1 Generic normalization script

#Script written by J.H. van Heerden

#ntended for use in R with the Bioconductor package, LIMMA

#Set Variables (Note: variable values are examples)

RawData = "C:\\Microarray work\\”

target_def = "targets.txt”
flag_weights = 0.001
Replicate_list = "controlCode.txt"
backg_method = "none”
Within_array_method = "loess"
Between_array_method = "none"
Stats_script = "ArrayStats.R"

Hyb_no =20

#Set working directory

setwd(RawData)

#READ DATA
library(limma)
targets<-readTargets(target_def)

targets

#Raw data files location

#Location of Target defintions files

#Weight assigned to flagged spots

#List of features spotted in replicate at least 5 times per slide
#Background subtraction method to use

#Within Array Normalization method

#Between Array Normalization method

#Predefined function for calculation of specific data statistics

#Number of arrays

RG<-read.maimages(targets$FileName, source="genepix" wt.fun=wtflags(flag_weights))

replicates<-readSpotTypes(Replicate_list)

RG$genes$Status<-controlStatus(replicates, RG)

#NO WITHIN OR BETWEEN ARRAY NORMALIZATION

normdata.backg <- backgroundCorrect(RG, method=none)

normdata.backg.none<-normalizeWithinArrays(normdata.backg, method="none")
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normdata.backg.none$genes$Status<-controlStatus(replicates, RG)

#Replace flagged features with NA

normdata.backg.none$M[normdata.backg.none$weights != 1] <- NA

#Put Data into generic NoNorm object

NoNormData<-normdata.backg.none

#PRE-NORM VISUALIZATIONS

X11()

boxplot(as.data.frame (NoNormData$M), main="No Normalization", names=c(targets$Name))
X11()

plotDensities(NoNormData)

X11()

plotMA(NoNormData)

#LOAD STATISTICAL FUNCTIONS (see $2.2.2 for function definitions)

source(Stats_script)

#CREATE MATRIX FOR STORAGE OF STATS SUMMARY OUTPUT

mcolumns = Hyb_no +1

col<-colnames(NoNormData)

FinalSD_Calc <- matrix (,10,mcolumns,dimnames=list(c("ArraySD PreNorm","ArraySD PostNorm","SQR

Difference","AvgRepSD PreNom" "AvgRepSD PostNom","Rep Ratio","Average Rep Ratio", "PreNorm Between
Array Correlations”,"PostNorm Between Array Correlations","SSQR Difference"),c(col,"STDEV™)))

#CALULATE WITHIN ARRAY REPLICATE POOL SD

# rd = Raw Data object

# s = Status component (e.g. Data object with Gene Status component - must be called $Status )
# x = number of Replicate groups

#y = number of Arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)
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NoNormRep_SD<-NNwithinArrayRepSD(NoNormData, NoNormData, 35, Hyb_no)

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING
d <- NoNormRep_SD

m.NoNorm<-FinalSD_Calc

#CALCULATE AVG STDEV FOR REP SETS WITHIN EACH ARRAY

# rstdev = data object (e.g. The matrix with the Stdev values for rep sets)

# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (defauit = 1)

FinalSD_Calc<-NNAvgArrayRepSD(d,m.NoNorm, Hyb_no,)

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING

m.NoNorm<-FinalSD_Calc

#WHOLE ARRAY STDEV

# rd = data object (e.g. A data object with $M values)

# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

FinalSD_Calc<-NNWholeArraySD(NoNormData,m.NoNorm, Hyb_no, 1)

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING

m.NoNorm<-FinalSD_Calc

#CORRELATION PRE-NORM
corrrel.none<-cor(NoNormData$M, use="pairwise.complete.obs")
correl.none

NoNorm_CorAvg<-mean(correl.none)
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m.NoNorm[8,1]<-NoNorm_CorAvg

#NORMALIZATION

#BACKGROUND CORRECTION

normdata.backg <- backgroundCorrect(RG, method=backg_method)
H#WITHINARRAY NORMALIZATION

normdata.backg.wnorm<-normalizeWithinArrays(normdata.backg, method=Within_array_method,
weights=RG$weights)

#REPLACE BAD FLAGS WITH NA

normdata.backg. wnorm$M[RGSweights = 1] <- NA

#BETWEEN NORMALIZATION

normdata.backg.wnorm.bnorm<-normalizeBetweenArrays(normdata.backg.wnorm,
method=Between_array_method)

normdata.backg.wnorm.bnorm$genes$Status<-controlStatus(replicates, RG)
#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING

NormData<-normdata.backg.wnorm.bnorm

#POST-NORM VISUALIZATIONS

X11()

boxplot(as.data.frame (NormData$M), main="No Normalization",names=c(targetsfName))
X11()

plotDensities(NormbData)

X11()

plotMA(NormData)

#POST-NORM ARRAY STATISTICS

#CALULATE WITHIN ARRAY REPLICATE POOL SD
# nd = Normalized Data object

# s = Status object (e.g. RG$genes$Status)

# x = number of Replicate groups

#y = number of Arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)
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# PNWithinArrayRepSD <- function(nd, s, x, y, z=1)
NormRep_SD<-PNWithinArrayRepSD(NormData, NormData, 35, Hyb_no)
d <- NormRep_SD

m.Norm<-m.NoNorm

#CALCULATE AVG STDEV FOR REP SETS WITHIN EACH ARRAY

# d = object with SD values

# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

# PNAvgArrayRepSD <- function (d, m, y, z=1)

FinalSD_Calc<-PNAvgArrayRepSD(d,m.Norm, Hyb_no,)

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING
m.Norm<-FinalSD_Calc

# WHOLE ARRAY STDEV

# nd = Normalized Data object

# m = A matrix object within which stats summary info is stored (see above)
# y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

# PNWholeArraySD <- function(nd,m,y,z)

FinalSD_Calc<- PNWholeArraySD (NormData,m.Norm, Hyb_no, 1)

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING

m.Norm<-FinalSD_Calc
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#SQR STDEV and SSQR STDEV DISTANCE

# tbl= data object (e.g. The matrix with the Stdev values)

# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

#SSqrdiff<- function(tbl,m,y,z)

FinalSD_Calc<-SSqrdiff m.Norm,m.Norm, Hyb_no, 1)

m.Norm{10, 1}]<-sum{m.Norm[3,1:Hyb_no])

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING

m.Norm<-FinalSD_Calc

#REPLICATE RATIOS

# tbl= data object (e.g. The matrix with the Stdev values)

# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

#WholeArrayRatio <- function(tbl,m,y,z)
FinalSD_Calc<-RepRatio(m.Norm,m_Norm, Hyb_no, 1)

m.Norm([7,1]<-mean{m.Norm[6,1:Hyb_no])

#PUT DATA INTO GENERIC OBJECT FOR FURTHUR PROCESSING
m.Norm<-FinalSD_Calc

m.Norm{7,1}<-mean{m.Norm(6,1:Hyb_no])

#STDEV OF OBSERVATIONS AND CORRELATION
#STDEV

m.Norm[1, mcolumns]<-sd(m.Naorm[1,1: Hyb_no])
m.Norm[2, mcolumns]<-sd(m.Norm[2,1: Hyb_no])
m.Norm[4, mcolumns]<-sd(m.Norm[4,1: Hyb_no])

m.Norm[5, mcolumns]<-sd(m.Norm([5,1: Hyb_no])
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#CORRELATION

correl<-cor(NormData$M, use="pairwise.complete.obs")
correl

NormData_CorAvg<-mean(correl)

m.Norm[9,1]<-NormData_CorAvg

#WRITE NORM M VALUES TO AFILE

#INVERT DATA SO THAT RATIOS ARE SAMPLE / REFERENCES (I.E. CY3/ CY5)

NormData$genes$M<-NormData$M*-1

write table(NormData$genes, paste("NormData." backg_method,"." Within_array_method,"." Between_array_met
hod," txt", sep="t")

S.2.2.2 Custom statistical calculation functions

#Script written by J.H. van Heerden

#Intended for use with Generic Normalization script (see $2.2.1)

#PRE-NORMALIZATION CALCULATIONS (denoted NN - NoNorm)

#CALCULATE WITHIN ARRAY REPLICATE POOL SD
# rd = Raw Data object

# s = Status object (e.g. RG$genes$Status)

# x = number of Replicate groups

#y = number of Arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

NNWithinArrayRepSD <- function(rd, s, x, y, z=1) {
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NoReplicates <- x

ArrayRun <- z

NoArrays <-y

Replicates_SD <- matrix(,NoReplicates,NoArrays)

ReplicatelD <- "Replicate”

RepRun <- z
while (RepRun < x +1) {
while (ArrayRun <y + 1) {
ReplicateNo = paste(ReplicatelD,RepRun)

Replicates_SD[RepRun,ArrayRunj<-sd(rd$M[,ArrayRun][rd$genes$Status ==
ReplicateNo],na.rm=TRUE)

ArrayRun = ArrayRun +1
}
RepRun = RepRun +1
ArrayRun <- z

}

return(Replicates_SD)

#CALCULATE AVG STDEV FOR REP SETS WITHIN EACH ARRAY

# rstdev = data object (e.g. The matrix with the Stdev values for rep sets)

# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

NNAvgArrayRepSD <- function (rstdev, m, y, z=1) {
while (z <y +1) {

m{4,z]<-mean(d[,z],na.rm=TRUE)

z=z+1

}
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return(m)

}

#WHOLE ARRAY STD
# rd = data object (e.g. The matrix with the Stdev values for rep sets)
# m = A matrix object within which stats summary info is stored (see above)
# y = number of arrays
# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)
NNWholeArraySD <- function(rd,m,y,z) {
while (z <y +1) {
m[1,z]<-sd(rd$M{,z],na.rm=TRUE)
z=z+1
}

return{m)

#POST-NORMALIZATION CALCULATIONS (denoted PN ~ PostNorm)

#Calulate Within Array Replicate Pool SD
# nd = Normalized Data object

# s = Status object (e.g. RG$genes$Status)
# x = number of Replicate groups

# y = number of Arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

PNWithinArrayRepSD <- function(nd, s, x, y, z=1) {
NoReplicates <- x
ArrayRun <-z
NoArrays <-y
Replicates_SD <- matrix(,NoReplicates, NoArrays)

ReplicatelD <- "Replicate"
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RepRun <-z
while (RepRun < x +1) {
while (ArrayRun <y + 1) {
ReplicateNo = paste(ReplicatelD,RepRun)

Replicates_SD[RepRun,ArrayRun]<-sd(nd$M[,ArrayRun]ind$genes$Status ==
ReplicateNo],na.rm=TRUE)

ArrayRun = ArrayRun +1
}
RepRun = RepRun +1
ArrayRun <-z

}

return(Replicates_SD)

#CALCULATE AVG STDEV FOR REP SETS WITHIN EACH ARRAY

# d = data object with SD calcs

# m = A matrix object within which stats summary info is stored (see above)
# y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

PNAvgArrayRepSD <- function (d, m, y, z=1) {
while (z <y +1) {
m[5,z]<-mean(d[,z],na.rm=TRUE)

z=2z+1

}

return(m)

}

#WHOLE ARRAY STD
# rd = data object (e.g. The matrix with the Stdev values for rep sets)
# m = A matrix object within which stats summary info is stored (see above)

#y = number of arrays
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# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

PNWholeArraySD <- function(rd,m.y,z) {
while (z <y +1) {
m[2,z]<-sd(rd$M[,z],na.rm=TRUE)
z=z+1
}
return{m)
}
#SQUARED DIFFERENCE BETWEEN PRE-NORM MEDIAN ARRAYS SD AND POST-NORM SD
# tbl = data object with SD calcs
# m = A matrix object within which stats summary info is stored (see above)
#y = number of arrays

# z = Indicates the first column in the data matrix for which calculation will be done (default = 1)

SSqrdiff <- function(tbl,m.y.z) {
while (z <y +1) {
m[3,z]<-(median(m[1, 1:y])-m([2,2])"(median(m[1,1:y])-m[2,z])
z=2+1
!

return{m)

#REPLICATE RATIOS
RepRatio <- function(tbl,m,y,z) {
while (z <y +1) {
m[6,z]<-m[4,z]/m[5,2]
z=z+1
}

return(m)

END
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S.2.3 ASCA-genes example script

#ASCA-genes batch effect removal from PBMC data set (2 Treatments, 4x 5 slide batches)
#Set Variables

RawData = "C:\\DataDir\"

filename = "inputData txt"

setwd(RawData)

# Load ASCA-genes functions
source("ASCA2f R")
source("ASCA3f.R")
source("ASCAfun1.R")
source("ASCAfun2.R")
source("ASCAfun12.R")
source("ASCAfunres R")
source("ASCAfun-triple.R")
source("PCA-GENES.R")
source("sceeplot.R")
source("show.var.R")
source("spe.lims.R")

source("leverage.lims.R")

#Read data

data <- read.delim (filename, row.names=1)

# Treatment Design
Designa <-¢bind(MS=c¢(1,1,1,1,1,1,1,1,1,1,0,0,0,0,0,0,0,0,0,0), SH=c(0,0,0,0,0,0,0,0,0,0,1,1,1,1,1,1,1,1,1,1))

rownames(Designa) <- colnames(data)

#4x BATCH Design
Designb <-

cbind(B1=¢(0,0,0,0,0,1,0,1,0,1,0,0,0,0,0,0,0,0,1,1),B2=¢(0,0,0,0,0,0,1,0,1,0,0,0,0,0,0,1,1,1,0,0),B3=c(0,1,0,1,0,0,
0,0,0,0,1,0,1,0,1,0,0,0,0,0),B4=c(1,0,1,0,1,0,0,0,0,0,0,1,0,1,0,0,0,0,0,0))
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rownames(Designb) <- colnames(data)

#PCA component plot of “raw-data” (pre-ASCA-Genes processed)
raw.pca <- princomp(data)

|_raw <- raw.pca$loadings

plot(l_raw{,1],I_raw{.2])

text(l_raw{,1],|_raw{,2], labels=colnames(data) , col=c(4,3,4,3,4,1,2,1,2,1,3,4,3,4,3,2,2.2,1,1))

# Run ASCA
#4 Batches - Remove 1st RE component (>20%)
#Calculate variability components

asca_mouse <-ASCA 2f(X = t(data),Designa = Designa, Designb = Designb,Designc = NULL, Fac =
¢(2,4,0,0) type = 2, showvar=TRUE, showscree=TRUE)

# Look at RE variability components

asca_mouse$Model.res$var.exp

#Adjust Data
newdata_0 <-asca_mouse$Model.a$TP+asca_mouse$Model.res$E
otropca_0 <- princomp(t(newdata_Q))

|_O <- otropca_O$loadings

#PCA component plot of corrected data
X11()
plot(l_O[,1],I_0[,2])

text(_O[,1].1_0O[.2], labels=colnames(data) , col=c(4,3,4,3,4,1,2,1,2,1,3,4,3,4,3,2,2,2,1,1))

outputO<-t(newdata_0)

write.table(outputO,"output. txt" sep="\")
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A framework for the informed normalization of

printed microarrays

Johan van Heerden®, Sally-Ann Walford™, Arthur Shen* and Nicola llling"t

Microarray technology has become an essential part of contemporary
molecular biological research. An aspect central to any microarray
experiment is that of normalization, a form of data processing
directed at removing technical noise while preserving biological
meaning, thereby allowing for more accurate interpretations of
data. The statistics underlying many normalization methods can
appear overwhelming to microarray newcomers, a situation which
is further compounded by a lack of accessible, non-statistical de-
scriptions of common approaches to normalization. Normalization
strategies significantly affect the analytical outcome of a microarray
experiment, and consequently it is important that the statistical
assumptions underlying normalization algorithms are understood
and met before researchers embark upon the processing of raw
microarray data. Many of these assumptions pertain only to
whole-genome arrays, and are not valid for custom or directed
microarrays. A thorough diagnostic evaluation of the nature and
extent to which technical noise affects individual arrays is paramount
to the success of any chosen nomalization strategy. Here we
suggest an approach to normalization based on extensive step-
wise exploration and diagnostic assessment of data prior to, and
after, normalization. Common data visualization and diagnostic
approaches are highlighted, followed by descriptions of popular
normalization methods, and the underlying assumptions they are
based on, within the context of removing general technical artefacts
associated with microarray data.

Introduction

DNA microarrays allow for the large-scale quantitation of gene
expression by inference of mRNA transcript abundance.’ Since
its inception, the technology has developed to become an essential
item in the biologist’s arsenal of tools. Microarray-based tech-
niques rely heavily on various statistical methods for the prepa-
ration and analysis of the high-throughput data generated in
these experiments. The large numbers, and nature, of variables
assodated with microarray experiments require novel statistical
procedures. These methods present a new challenge to the
molecular biologist, requiring a paradigm shift from classic
one-gene-at-a-time approaches, to techniques that evaluate
thousands of genes simultaneously. An aspect central to any
microarray experiment is that of normalization, a form of data
processing directed at removing technical noise or systematic
variation while preserving biological meaning, thereby allowing
for more accurate interpretations of data.?

In recent years, biologists have been confronted with a
multitude of publications detailing purportedly new and
advanced algorithms for the normalization of microarray data.
The effectiveness of many algorithms, at reducing error, has
been evaluated by using data sets of which sample ratios are
known a priori.** Prompted by these studies, we provide an
introductory review on the performance and robustness of

“Department of Molecutar and Celi Biology, University of Cape Town, Private Bag,
Rondebosch 7701, South Africa.

*Author for comespondence. E-mail: nicola.iling @ uctac.za

several commonly used algorithms, highlighting the assump-
tions that these methods are based on and suggesting an
approach to normalization that could be useful when encoun-
tering microarray-based techniques for the first time. An ad hoc
approach is encouraged, recognizing that each microarray
experiment will have unique requirements, which have to be
identified before deciding on a normalization strategy.

The need for normalization

Microarray experiments allow biologists to investigate gene
expression patterns of thousands of genes in a single assay. The
observed patterns of expression in any microarray experiment
are affected by several sources of variation, which can obscure
true biological values and impede meaningful interpretations.*
Variation can be divided into two broad categories: (1) the inter-
esting kind, which has biological meaning and is of value to the
researcher; (2) the obscuring kind, also referred to as noise or
systematic variation, which has no meaning and is a result of the
technical error rather than the experimental design.” The aim of
normalization is to account for these artefactual contributions
while preserving the true biological meaning of the observed
expression values.

Sources of experimental noise* have been well documented,™
and considering their effect on microarray data is an important
aspect of any normalization strategy. Systematic errors can be
introduced at various points during a microarray experiment,
from sample preparation to hybridization and scanning. These
errors appear as inconsistencies in the generated data, which
can be identified by various diagnostic and visualization tools>
Failure to correctly identify and correct for systematic error can
lead to results becoming obscured to the point of not containing
any biological meaning.®* There are many alternative methods
of normalization available to a researcher. Deciding which
normalization algorithms to apply to their data, and being able
to substantiate a chosen strategy, are among the challenges faced
by researchers.

Experimental design, normalization and the role of
controls

It is pertinent to note that printed microarrays commonly
come in one of two flavours, referred to as single- or dual-channel
arrays. With the former, a single biological sample is labelled
and hybridized to an array surface; the latter involves two inde-
pendent biological samples, each labelled with different
fluorophores. This distinction is important, as certain types of
technical artefacts occur only in dual-channel arrays. Where
necessary, these differences will be highlighted in the text.

When approaching normalization strategies, it is important to
realize that underlying many of the algorithms are certain
assumptions about the nature of data being normalized.
Commonly used normalization algorithms often assume two
things: (1) that the majority of genes in a microarray experiment
are not differentially regulated, i.e. remain unchanged, and (2)
that the number of up-regulated genes are more or less equal to
the number of down-regulated genes.*? While these assumptions
might be accurate for arrays that include all or most of the genes
in a genome, it cannot be assumed to be valid for arrays that



include only a subset of genes, often referred to as custom or
directed arrays.> When the above assumptions are invalid,
control spots will be essential to any chosen normalization
strategy, where they can be used as stable references for the
validation and normalization of microarray data.?

Careful experimental design, at the outset of an experiment,
cannot be overemphasized. Researchers should, a priori,
consider possible normalization strategies based on the content
of their array slides. It is important that there is no bias in the
types of gene targets printed in different sections of the slide. No
normalization strategy will be reliable if the appropriate controls
are notincluded as part of the design. The choice of control spots
will differ, depending on the type of array platform and the
fadility at which the array is produced; common approaches
include the use of synthetic spots, housekeeping genes or the
identification of a set of genes that are known to be invariant or
unresponsive across conditions assayed. All these approaches
aim to provide some kind of calibration reference, i.e. a set of
spots for which expression values can be predicted beforehand,
which can be used to validate and normalize microarray data.
Any deviations from expected or predicted values can be consid-
ered a result of systematic bias. A bias factor can then be calcu-
lated using the control spotsand its effect extrapolated to the rest
of the spots on the array.**

For control spots to be effective, they should (1) span the entire
intensity range, (2) be distributed randomly across the surface of
an array, and (3) be numerous enough to provide a statistically
robust reference * It is desirable to include, as part of the design
of an experiment, flexibility with regard to several possible
normalization options.

Data diagnostics and visualization

Identifying systematic bias via data exploration

A first step, in deading upon the most appropriate method of
normalization, is to visualize the patterns of variation in the raw
data?Identifying the nature of technical interference allows the
researcher to decide on a directed normalization strategy, one
that preserves biological data while reducing the noise specific
to the array data set. Approaching normalization blindly, with-
out assessing raw data, introduces a real danger of silencing
or removing biological information of interest.*"” This is as
detrimental to the outcome of an experiment as the non-removal
of technical noise.

Systematic errors, which have discrete local effects on subsets
of data on anarray (e.g. all the spots printed by a specific pin), are
called local biases. In contrast to this, systematic errors which
have a general or global effect across an entire data set are
referred to as global biases. Accordingly, normalization algo-
rithms address the contribution of systematic errors either
globally or locally.* The implication of this is that global normal-
ization methods assume a general smooth error trend across a
data set, while local methods assume that the source of bias
affects discrete subsets of data independently from other such
discrete units. The scope of normalization chosen—global or
local—should be dictated by, and complement, the nature of a
specific bias.” Using diagnostic and visualization methods to
explore data, allows the researcher to determine whether technical
noise or systematic errors produce within- and/or between-slide
variations, and whether these biases exhibit global or local
behaviours.

Several diagnostic and visualization tools exist and are avail-
able in most microarray analysis software packages. Most
common and useful among these are: 1) box plots, 2) histograms,
3) scatter and MA-plots, and 4) false-colour plots. Each method
allows for the identification of specific traits of the data and
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facilitates an evaluation of the contribution of unwanted noise.
Interpretation of visualizations depends on experimental design
and requires careful consideration. For directed or custom
arrays, it is imperative that all diagnostic interpretations are
substantiated by control spots® or known invariant genes, asany
predictions or assumptions regarding the distribution of feature
values can be problematic.

Box plots®

Box plots are commonly used to assess the relative spread of
data, usually log ratios” or feature intensities, and are therefore
a convenient way of identifying scale differences within or
between arrays (Fig. 1). These plots provide a graphical over-
view of the so-called five-number summary of a data set,
which includes information about the three quartiles {i.e. 25th
percentile, 50th percentile (also called the mean), and the 75th
percentile] and the minimum and maximum values. This tool
can be used to compare the spread of data points from different
print-tips, different microtitre plates or the overall spread of data
from different arrays.

Overall scale differences between blocks can be the result of
inconsistencies between pins or the non-random distribution
of genes during printing. The latter can be eliminated by good
experimental design. Assuming that experimental design has
allowed for an unbiased distribution of gene targets, scale differ-
ences can result from variations in the amount of target deposited
by different print-tips, which results in differences in the relative
brightness of blocks of spots.” A second source of variation that
could contribute to scale differences within cDNA arrays is that
of microtitre plates. Different cDNA amplification batches are
usually associated with different microtitre plates; inconsistent
conditions show up as variations in spot intensities between
replicate spots picked from different batches."

Any differences in the spread of databetween arrays could bea
result of differences in scanner settings used to scan each array,
i.e. photomultiplier tube (PMT) and laser voltage settings,
differences in mRNA concentrations isolated from samples, or
differences in the labelling conditions of samples. Care should
be taken when interpreting scale differences between arrays, as
these differences could also reflect real experimental conditions
which, if corrected for, will introduce rather than remove noise."

Figure 1 shows an example of treatment-induced scale differ-
ences, where these differences reflect biological responses,
rather than technical inconsistencies. Control spots can be a
useful calibration guide for making sure that scanner settings are
set correctly at the point of data capture of fluorescent signals
from custom slides, to reduce between-slide scale differences.

Identifying scale differences and their probable sources will
allow the researcher to adjust correctly for these. Emphasis
is again directed at informed interpretation of the observed
behaviour. Correcting for scale differences between print-tips®
or microtitre plates, when these differences are a result of the
non-random distribution of genes, will do nothing butintroduce
noise and silence biological meaning. Similarly, between-array
scale differences could be condition- or treatment-specific and
should be judidiously evaluated.

Histograms®

It is often useful to visualize information regarding the shape
of the distribution of generated data. Histograms are plots of the
frequency of feature intensity values or log ratios. Information
regarding distributional density, i.e. number of values and their
relative occurrence, across a data set, can be gleaned from these
plots. Such information is useful when comparing the equivalence
of distributions between two data sets. Some between-array
normalization algorithms assume the data between arrays to
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Fig. 1. Box plots illustrating log. scale comparisons between arrays, (A) raw and (B) normalized, and blocks within a single array, (C) raw and (D) normalized, of microamay
data from dual-channel (i.e. log, Red/Green) custom arrays for the resurrection plant, Xerophyta hurniiis. A and B illustrate microamray data from six treatments, with 5
biological repeats per treatment. Each experimental sample was labelled with Cy3 and hybridized with a reference sample, labelled with Cy5, against a X. humilis cDNA
slide representing 3400 cDNAs. Note that there is a consistent difference in the spread of the data for the biological repeats (1-5) for treatment 1, compared with treatments
2-6. This biological variation has been maintained during normalization (B). C and D illustrate that, within a slide of 32 blocks in a matrix of 8 rows and 4 columns, there is no
difference belween the overall spread of data but, rather, differences in the overall intensities of blocks. The trend appears to be spatial in nature, with a slight decrease in
overall log ratios from blocks in column 1 through 1o those in column 4, for each row. This spatial trend is corrected following normalization (D).

be equally distributed.® Histograms also provide information
regarding the central tendencies and absolute values of data
sets, similar to box plots. In addition, these plots are useful when
trying to ascertain whether the given data are normally distrib-
uted, as this is a requirement for many parametric statistical
analysis techniques to be valid. The visualization of intensity
distributions from custom arrays is particularly important,
where assumptions regarding the distributional nature of data
can be problematic.

Scatter plots™"'

Scatter plots provide a useful means for comparing the behaviour
of different dyes in dual-channel experiments or, alternatively,
comparing the relative overall behaviour between arrays
(single- or dual-channel arrays). When comparing two arrays,
the ratio values of features from each array are plotted on the
x- and y-axis, respectively. If two arrays behave similarly, that s,
the overall log ratios or feature intensities of individual features

are comparable, then the points within such a plot will approxi-
mate a straight line with a slope of one and an intercept of zero.
When comparing replicate arrays (or control spots from
non-replicate arrays), any deviation from the expected straight
line is indicative of systematic error.

More commonly, the same logic is used to compare the behaviour
of two different dyes (Fig. 2A). Any deviations from a straight
line with slope one and intercept zero is indicative of systematic
differences between the two dyes. A useful type of scatter plotis
the so-called MA-plot' (also referred to as the ratio-intensity, or
Rl, plot), which is used to identify inconsistencies or biases in
the behaviour of two different dyes, across the entire feature
intensity range, in dual-channel experiments. The MA-plot is
essentially a normal scatter plot, of which the axis has been
shifted by 45°and then scaled (Fig. 2B). The average log intensity
{A = [log(Chli) + log(Ch2i)}} of features is plotted against the
log, ratio [M = log(Chli) - log(Chz2i)] of these features, yielding a
horizontal axis around which points are distributed. The x-axis
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Fig. 2. {A) Scatlter and (B) MA-plots of raw dala for channel 1 (Ch1), labelled with Cy3, and channel 2 (Ch2), labelled with Cy5, hybridized to a X. humilis custom array. The
diagonal ine shown in A and the horizontal lines in B and C indicate the axis around which the data points should be, more or less, equally distributed if general
whole-genome assumplions regarding differential expression in microarray data are true. Shown in (C) are normalized (green) and raw (red) data MA-distributions [where
M=log,(Ch1/Ch2)]. llustrated is the more even distribution of the normalized data points (green) around the y=0 horizontal line. Interpretation of these graphs should lead
to the conclusion that the Cy3 channel (Ch1) is over-represented across most of the intensity range. The validity of this interpretation should, however, be additionally con-
firmed by plotting control spots separately from experimental data, as the data come from a small custom Xerophyia array, and general assumptions regarding the

symmetric nature of data can be problematic.

values (average intensity, or A) can be calculated as log, or log,,.
For large random data sets, the assumption is that points should
be distributed more or less symmetrically around a log ratio of
zero. This assumption should carefully be considered when
working with small or custom arrays. Itis not uncommon to see a
tailing of values at extreme intensity ranges, often referred to as
the ‘banana-effect’. This type of artefact can be ascribed to
differences in the fluorescent capacities, or quantum yields, at
different intensities, and differential incorporation of the dyes,
due to differences in the size of Cy3 and Cy5 molecules.>**
Identifying this type of bias is clearly important if some kind of
reliable comparison, between samples labelled with different
dyes, is to be made. When comparing the behaviour of dyes, the
MA-plot has an important advantage over a normal scatter plot:
points are plotted along a horizontal axis rather than a diagonal
one - the human eye and brain are more efficient at interpreting
horizontal distributions than diagonal ones" (Fig. 2B).

False-colour plots™"

These kinds of plots are commonly used to identify spatial bias,
which has been found to affect many arrays. Spatial bias refers to
the effect that a specific feature’s two-dimensional position has
on its intensity value. False-colour plots can be generated by
plotting the log transformed ratio or intensity value of a feature,
as a function of its xy-coordinates in an array, or alternatively as a
rank value, again as a function of its xy-coordinates. Spatial
trends can easily beidentified in this kind of plotand can be seen
as a non-random distribution of log transformed ratios or inten-
sity values. This type of bias can be introduced as a result of
differences between microtitre plates or print-tips, hybridization
artefacts, inserting slide into scanner at an angle, imperfections
on the glass slide or any other effects related to the optical prop-
erties of microarray technology. Differences between print-tips
lead to a specific type of spatial bias, where discrete blocks of
features appear to be distinctly different from other blocks.
Differences between microtitre plates lead to a similar discrete
pattern of spatial bias. Imperfections on the glass slide and scan-
ner-based varables can cause either discrete or smooth spatial
effects (Fig. 3). It is important to identify and correctly interpret
the behaviour of spatial bias. Choosing a normalization

algorithm that corrects for discrete spatial effects, when these
effects are smooth and global, will introduce noise. Similarly, a
global spatial correction method should be chosen if the bias
does not exhibit discrete behaviour and feature distribution
ts known to be random. Special care should be taken when
interpreting false-colour plot data from small custom arrays,
where clusters of differentially regulated genes might appear as
spatial artefacts. A global normalization method will silence the
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Fig. 3. A false-colour plot of microarray data generated from a custom X. humilis
cDNA set, representing the log, ratio {calculated as Cy3/Cy5), i.e. M-value, ranks of
~-15000 spots (i.e.rank 1 is represented by the gene with the highest log, (Cy3/Cy5)
ratio and rank 15 000 the gene with the lowest ratio). (A) Pre-normalization image of
raw data, highlighting the presence, assuming features were randomly arranged on
the array, of a graded spalial bias of high log, ratio values in the upper-middle-to-left
portion of the siide, indicative of hybridization or scanning noise. (B} The same slide
afier spatial normalizalion shows a more even distribution of log, ratio values
across the shde. The chosen normalization method eliminated mosi of the spatial
bias observed in the raw data.
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biologically meaningful information contained within these
small, differentially regulated clusters.

Measures of replicate variability

The visualization tools outlined above form a central part
of pre-analysis data exploration, assisting the researcher in
identifying the nature and extent to which data are affected by
systematic error or technical noise. As illustrated above, these
visualization tools are equally useful for the post-normalization
state evaluation of data, providing some insight regarding the
efficacy of a chosen method at removing noise. The visualization
and subsequent interpretation of normalized data, however,
should be approached cautiously. Applying inappropriate
normalizations to data can potentially introduce noise which
might not necessarily show up as an increase in noise when
using the visualization tools. Logic, however, dictates that
replicate features within arrays, or between biological repeats,
should exhibit equivalent behaviour, with any deviations being
indicative of the effects of unwanted systematic error or technical
noise. The extent to which normalization minimizes or reduces
variation across replicate features can therefore be used as a
reliable means of assessing the efficacy of any normalization
strategy in addition to the visualization methods already noted.
Estimations of variability for replicate features are commonly
obtained using pooled variances or ANOVA models, amongst
others. It is assumed that the better a normalization method
addresses the specific biases present in a data set, the smaller the
variation among replicated observations will become.”

The issue of background®

More than any other bias factor, background contributions
and their bias effect have been hotly debated in the literature.
Although background subtraction is not the focus of this review,
a brief consideration of its effect on data and normalization is
warranted. Background refers to the contribution to overall spot
intensity by targets binding non-specifically to the support
matrix as well as fluorescence by the glass slide itself;* it is there-
fore reasoned that this leads to an over-estimation of target
abundance for specific features. It has been shown that methods
aimed at removing this bias often introduce, rather than remove,
noise. In addition, the choice of array platform can greatly affect
the performance of background subtraction and its effect on
overall noise reduction * Khojasteh et al.* noted significant differ-
ences in the efficacy of background subtraction, when applied to
copy number (CGH) data generated by SMRT (Sub Mega base
Resolution Tiling) array and cDNA array plattorms, respectively.
Data from the SMRT arrays showed a higher degree of reliability
when background values were subtracted, whereas the cDNA
array data showed the opposite behaviour. Khojasteh ef al?
ascribed the apparent need to subtract background values from
SMRT array-derived data to platform specific behaviour in
addition to the specific image analysis methods used for these
types of arrays.

Background bias can be measured globally or locally. Glabal
measures assume a general linear trend or contribution across
the array, while local approaches assume a more discrete contri-
bution. Commonly used methods for the estimation of a back-
ground bias factor involve: (1) the inclusion of unrelated gene
sequences or the inclusion of ‘blank’ spots on the slides, which
are used to estimate global background fluorescence, or (2) the
estimation of local background fluorescence in the area immedi-
ately surrounding a spot.* These approaches all aim to arrive ata
reliable estimation of a non-specific contribution to foreground
fluorescence. The intention of background subtraction is a valid
one, but its effectivencss is debatable. First, it is questionable
whether contributions made by non-specific hybridization are
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significant enough to warrant correction. Second, assuming that
background contributions are non-trivial, local estimations of
background by image analysis software are based on the incorrect
assumption that the relative contribution of background to
overall fluorescence is linear. This assumption is not valid, as the
relative contribution of background to the overall intensity of
spots within the high intensity range will be much less than the
contribution experienced by spots in the lower intensity range.
Third, methods attempting to determine the non-specific inter-
action effect between targets and unrelated gene sequences are
erroneous in that background contribution is based on chemical
interactions between the glass matrix and nucleic adds, the
chemistry of whichis profoundly different from that observed in
interactions between unrelated nucleic acid spedes.” Lastly,
methods based on estimations of local background are notori-
ously unreliable, with the choice of image analysis software
having a major effect on the outcome of estimation.*"” Many
background subtraction algorithms that aim to account for
the non-linearity of local contributions are available. These
algorithms modify calculated background values before
subtracting them from calculated feature values. These modifi-
cations typically attempt to avoid common logical paradoxes,
such as negative feature values, that arise from linear estimations
and simple subtractions of background.

The effect background subtraction has on the efficency of
subsequent normalization depends very much on the accurate
identification and removal of a true background bias factor.
Spedal care should be taken not to confuse background with
spatial effect, which is better corrected for by spatial normaliza-
Hon methods.® False-colour plots, discussed above, can also be
used to explore the nature of background bias by plotting
estimated background values against xy-coordinates.” Incor-
rectly estimating background contribution will do nothing but
increase noise, which is clearly undesirable.*" Situations resulting
in negative values for features are not uncommon® and are
indicative of the shortcomings of the specific methods. Wit and
Mclure® propose some approaches to background subtracting
that aim to avoid this logical dilemma. Itis advisable, in addition
to visualizing the background contribution, to assess diagnosti-
cally the effect of background sublraction on data, once applied.

The literature does not provide a clear-cut answer to the issue
of background subtraction, and although its application might
be theorelically warranted, it is important to consider whether
attempts at estimating background bias are robust enough to be
reliable. A fairly simple global strategy is highlighted by Wit and
McClure.* The method uses empty spots as measures of the
lowest achievable value on the array and then estimating a
background bias factor based on the average intensity of these
control spots. This central tendency, preferably median, can be
subtracted from overall intensity values of features, setting any
resulting negative values to zero. This method, however, requires
that empty spots be sufficiently numerous and that their distri-
bution cover a reasonable representation of the array surface, for
a reliable background bias factor to be estimated. In addition, itis
based on the assumption that the background bias is constant
across the array. A consensus regarding the need for, and reliabil-
ity of, background subtraction is yet to be reached; recent publi-
cations are, however, progressively leaning towards a ‘no
background subtraction’ approach.**

Normalization methods

Numerous normalization algorithms exist, each one designed
to correct for specific systematic errors introduced during a
microarray experiment. This section will consider normalization
methods in the context of the type of technical variation they



address. Many of these methods are equally applicable to one-
and two-colour arrays; where this is not the case, it will be high-
lighted. This discussion does not aim to provide a definitive list
of normalization strategies, but rather attempts to highlight
the bias factors being addressed by each method and some
assumptions upon which these algorithms are based.

A recommendation regarding a generally reliable and proven
strategy is made, following the discussion of normalization
methods. This recommendation is based on studies involving
the empirical validation of various normalization methods.
Empirical studies conducted by Qin et al.” and Khojasteh ef al.*
have provided a wealth of useful information regarding the
performance of the algorithms on data sets with known expres-
sion values.

A case-by-case interactive approach is encouraged, which should
involve the empirical exploration of data, via the diagnostic and
visualization tools highlighted above, before and after normal-
ization. Once the specific biases, affecting an experiment, have
been identified, a stepwise normalization framework can be
compiled. Emphasis is again directed at the two assumptions
underlying many normalization methods: (1) that the majority
of genes in a microarray experiment are not differentially regu-
lated (they remain unchanged), and (2) that the number of
up-regulated and down-regulated genes is more or less equal.*
In addition, some between-array normalization algorithms also
assume a similar distribution of expression values, that is, the
frequency of specific intensity values (or log ratios) is approxi-
mately equivalent between arrays.® These methods are referred
to as parametric, which means that some kind of explicit
assumplion regarding the distribution of the data is made, this
is in contrast to non-parametric methods.> Whenever these
assumpltions are not satisfied, a set of invariant genes, or control
spots, for which true values can be predicted should be used to
determine bias factors to be extrapolated to the rest of the data
set. This effectively allows the researcher to use empirically
validated parametric methods to predict a bias effect on
non-parametric data. Most normalization algorithms, where
applicable, allow the researcher explicitly to define control spots
or a set of invariant genes to be used.

Colour correction/Dye bias

Intensity bias, also referred to as intensitv-dependent dye bias,
is a result of slight differences in the properties of the commonly
used Cy3 and Cy5 dyes. Using scatter plots, mentioned in the
Data diagnostics and visualization secion above, highlights these
kinds of biases clearly. The effectis often seen asa "tail’ of spotsin
the lower and/or higher intensity ranges, indicating inconsistent
behaviour of dyes.” This type of bias affects only dual-channel
arrays, so the methods considered here will be discussed in this
context. There are several different algorithms which address
and correct for this type of bias.

1. Linear regression

Simple linear regression was one of the first methods used in
early microarray experiments but is generally no longer used.
These techniques are included to provide some historical
perspective.

a. Dye vs dye

This method involves the adjustment of one channel (e.g. Cy3
vs Cy5) relative to the other (Fig. 2A), based on the distributional
assumptions regarding microarray data symmetry. A best-fit
line is generated through the distribution of spots on a scatter
plot of Cy3 vs Cy5 (or Cy5 vs Cy3) values. The gradientand inter-
cept of this best-fit line is then calculated, with deviations from a
slope of one, and a y-intercept of zero, being taken as a reflection
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of inherent noise. The linear equation therefore provides a
normalization function that can be used to adjust values such
that the slope is equal to one with a y-axis intercept equal to zero.
This is simply done by adjusting all x-axis values with the
‘deviating’ slope and intercept values (i.e. x_ . = mx + c). Note,
however, that this type of linear regression treats Cy3 and Cy5
channels differently, which is not desirable as the assignment of

dyes to different axes produces different results."

b. MA

Linear regression-based normalization can alternatively be
done on data distributed within an MA-plot (Fig. 2B). A best-fit
line is again calculated through the points in the plot. Normalized
M-values are calculated by subtracting the fitted value, for each
feature, from the raw log ratio (i.e. M-value). Using MA-plot-
based linear regression has the advantage that the two channels
are treated equally, which makes these regressions more robust
and reprodudible."

Neither of these methods is recommended for correcting the
intensity-dependent bias often observed in dual-channel arrays.
it has been noted that the intensity-dependent effect is
non-linear, with the implication that a linear model will not be
able to account effectively for this kind of bias."

2. Lo(w)ess based methods

Lo(w)ess (LOcally WEighted Scatterplot Smoocthing, or
LOcally WEighted polynomial regreSSion) is a type of
non-linear regression commonly used to adjust the distribution
of points in an MA-plot. All Lo(w)ess algorithms employ the
same strategy for the modelling of bias and subsequent adjust-
ment of values. Adjustments are made, as with linear regression,
by subtracting fitted values from raw log ratios. This method
performs a series of local regressions across the MA-plot, using
sliding windows of predefined size."” These local regressions are
then combined into a single smooth curve ' The non-linear fits
generated by Lo(w)ess algorithms are able to account more
reliably for intensity-dependent dye bias than linear methods.
The distributional assumptions highlighted earlier pertain to
standard Lo(w)ess algorithms, as these employ a weighting
function for determining the centre of a collection of data points.
Lo(wjessalgorithms try to fit data around an M-value (log, ratio)
of zero. Points further away from this assumed mean are
deemed more unreliable than those closer to it and therefore
contribute less to the position of a centroid within a collection of
points.*

Various parameters control the behaviour of a Lo(w)ess adjust-
ment. First, a Lo(w)ess regression can be performed using, in
theory, polynomials of any degree, which affects the nature of
the generated best-fit line. It is common practice to fit data
around polynomials of degree one, i.e. a straight line, as it has
been observed that higher-degree polynomials (e.g. binomial,
trinomial, etc.) tend to over-fit data, which does not capture the
general trend in a population of data points.® The assumption is
that within a certain range, the intensity-dependent bias is
linear, and using a series of sliding windows will ensure the
fitting of spots within a linear range. The size of the sliding
window, the second parameter, influences the reliability and
sensitivity of the Lo(w)ess algorithim and typically determines
the proportion of points to include in each regression calcula-
tion.> Setting this window size too small again results in over-
fitting, while setting this window too big results in a Lo(w)ess
curve that does not model, effectively, the non-linear nature of
the bias. The Lo{w)ess regression windows overlap, hence the
designation sliding window, with the result being a very large
number of overlapping regression calculations. Lo(w)ess
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algorithms can be computationally demanding for this reason,
but this is becoming less of a problem with powerful desktop
computers. It should be noted that Lo(w)ess algorithms can be
sensitive to outliers, despite the weighting approach mentioned
earlier. Where data points are limiting, the statistical robustness,
i.e. reliability, of each regression can become unreliable in the
presence of large numbers of outliers due to an increase in the
relative contribution made by each data point.

a. Global Lo(w)ess

This approach uses all data points within a given array to
generate a non-linear curve, which is used to adjust for inten-
sity-dependent dye bias.** Global Lo(w)ess generally performs
quite well at esimating a dye bias, provided the observed bias is
not a result of other systematic errors (e.g. underlying spatial
bias).”

b. Composite Lo(w)ess™

This type of Lo(w)ess provides a slightly more advanced global
method for dye bias adjustment. Concerns regarding the
reliability of Global Lo{(w)ess adjustments within the extreme
intensity ranges have been raised, as these ranges typically
contain fewer data points than intermediate intensity ranges.
Composite Lo(w)ess is based on a model where control spots as
well as assayed features are used to generate a non-linear best-fit
line. The idea is that as the sliding window moves into extreme
intensity ranges, the Lo{w)ess curve will be increasingly based
on the control spots rather than the assayed features, which
will contribute increasingly fewer data points to the window. Be-
cause this type of Lo(w)ess relies on both assayed features and
control spots, itis not a viable normalization method for data sets
that rely on control spots only for the calculation of a bias factor.

c. Prini-tip Lo(w)ess

In contrast to the above global methods, Print-tip, also known
as block-by-block, Lo(w)ess employs a discrete local strategy for
the modelling and correction of dye bias. Print-tip Lo(w)ess is
used to adjust feature intensity values printed by each pin
separately. The principle remains the same, but the assumptions
are slightly different. Print-tip Lo(w)ess assumes that each
discrete block of features will behave slightly different from
other blocks due to minor physical differences between pins.
Print-tip Lo(w)ess can simultaneously correct for intensity-
dependent and spatial bias (discussed below).”” Concerns
regarding the discrete nature of this type of Lo(w)ess approach
should be noted. There is a danger of introducing bias in cases
were there is no discernible difference in the overall intensity-
dependent behaviour of features trom different blocks.® It has
also been noted that Print-tip Lo(w)ess is unreliable in cases
where there are fewer than 150 data points per print-tip group.
In these cases, a global method provides a statistically more
robust approach as the number of data points used to model the
bias is substantially more.”

3. Dye-swap normalizatior’

Another method commonly used to account for differences in
the fluorescent capacity of the different dyes is that of dye-swap
normalization. This method relies on the inclusion of technical
replicates as part of an experiment’s design. Typically, an array
will be replicated with the samples in each replicate, labelled
with opposite dyes. The intensities of the replicate features are
then calculated as average intensitics across both dyes.

This method can be extended to include Lo{w)ess fitting, once
average intensities are calculated for replicate features, thereby
providing a very robust model for intensity-dependent correc-
tion. Including dye-swap replicates, as part of a dual-channel ex-
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periment, is theoretically highlv desirable, but often practically
unfeasible, due to the high cost of microarray experiments.

4. Splines™

Spline-based algorithms present a non-parametric alternative
to the Lo(w)ess-based regression fitting of data, and are com-
monly used to account for intensity-dependent dye bias. The
main benefit of spline-based normalization methods is their
independence from the assumptions underlying other paramet-
ricapproaches. Spline algorithms do not make any assumptions
regarding the distributional nature of data, but rather treat
values simply as a collection of points and are therefore useful
when normalizing directed or custom arrays.

This method is related to Lo(w)ess in that it is based on the
calculation of several local regressions, across a data set, which
are joined to form a smooth curve. Spline-based methods,
however, are based on a discrete window approach, as opposed
to the overlapping sliding window method employed by
Lo(w)ess algorithms. Spline algorithms perform a fixed number
of linear regressions, within a predefined number of windows,
across a data set. Spline-based dye bias normalizations are
usually implemented in a manner equivalent to the Lo(w)ess
methods discussed above, using MA-distributions. The behaviour
of a spline curve can be modified via parameters similar to those
used to modify Lo(w)ess regressions. Typically, the polynomial
degree of the curve is specified; as with Lo(w)ess, it has been
found that higher-degree polynomials often over-fit data, with
linear equations generally performing best. In addition, the
number of windows, i.e. number of regression calculations,
across a data set is defined. This is distinctly different from
Lo(w)ess methods, where the number of regression calculations
for any predefined window size can differ, depending on the
number of data points within a data set. Spline-based algorithms
are computationally much less intensive than Lo(w)ess algo-
rithms, due to the usually significantly smaller number of regres-
sion calculations performed.

The various methods discussed above can be extended to
include several robust parameters, which add dimensions to
data sets. One such extension, suggested by Smyth and Speed,"”
involves ranking the quality of spots and assigning a reliability
weight to features when applying Lo(w)ess regressions to the
data. Rank Weighted Lo(w)ess involves calculating a centroid of
a collection of data points based on the statistical reliability of
features. Reliability is measured as a percentage of the comple-
ment of pixels that make up each spot. Spots with more pixels are
deemed to be more reliable than those with fewer and conse-
quently carry more weight in determining the centroid of a
specific collection of data points.

Spatial bias

This type of bias, if present, can clearly be seen in the
false-colour plots discussed earlier." Unlike intensity-dependent
bias, this type of systematic variation affects both single- and
dualchannel arrays.

1. Lo(w)ess based methods

Again, Lo(w)ess based algorithms can be used to model the
spatial effect observed on many arrays. The assumptions and
parameters are the same as previously stated.

a. Print-tip Lo(w)ess

As noted above, Print-tip Lo(w)ess can be used to correct simul-
taneously for intensity-dependent bias as well as spatial bias.
The assumption is that spatial trends are localized to discrete ar-
eas of the array and can therefore be accounted for by adjusting
values within discrete units, in this case print-tip groups or



blocks.” The same curve used to correct for intensity-dependent
bias is used to adjust spatial trends within a print-tip group, with
adjustments based on MA-distribution regressions. Because of
the discrete nature of this approach, there is a danger of intro-
ducing noise at the edges of a print-tip group when the underly-
ing spatial effect is continuous across the surface of an array * It is
therefore important to determine whether the spatial trends
observed in false-colour plots are discrete or continuous before
applying Print-tip Lo(w)ess. Another important consideration
is the number of features associated with each print-tip. As
mentioned previously, Print-tip Lo(w)ess is unreliable in cases
where there are fewer than 150 data points per print-tip group.*

b. 2D Lo(w)ess

This type of spatial correction is effective for the removal of
continuous spatial trends. Regression fitting of values is based
on trends seen within two-dimensional falsecolour plots. As
with other Lo{w)ess methods, polynomial curves are used to
model non-linear trends within data. Wit and McClure® recom-
mend using Lo(w)ess polynomials of degree one, i.e. linear func-
tions, when correcting for spatial trends, as it has been observed
that higher-degree polynomials tend to be unstable near the
edges of microarrays. 2D Lo(w)ess assumes a global spatial trend
which, as mentioned above, might or might not be the case.
Again, an assessment of spatial trends is necessary before making
any adjustments. 2D Lo(w)ess might not be the best option in
cases where imperfections on the array present sudden rather
than smooth changes, or in cases where clusters of differentially
expressed genes are found. 2D Lo(w)ess will confuse such clusters
with spatial bias that has to be adjusted for.” These aspects
require consideration by the researcher and care should be taken
to avoid any unbiased distribution of gene targets during print-
ing at the outset of the experiment.

2. Median based methods’

An alternative to the Lo(w)ess methods discussed above is a
spatial correction method based on the central tendency of
neighbourhoods of spots. For each spot, the median of log,
intensity values of spots within a spatial neighbourhood of
predefined size (number of rows X number of columns), centred
on that spot, is calculated. The difference between the neigh-
bourhood median and the intensity value of the spot is considered
to be a bias factor. The value of each spot is adjusted accordingly.
The neighbourhood size used to adjust the value of spots is an
important parameter to consider. A small neighbourhood is
sensitive and corrects discrete and local artefacts, but might be
problematic when adjusting for more general or global trends
(compare Global vs Print-tip Lo{w)ess). A large neighbourhood
size will clearly have the opposite effect. The choice of neigh-
bourhood size depends on diagnostic interpretations of the
spatial bias effect.

Scale differences

Scale biases are common to both single- and dual-channel
arrays and methods correcting for this kind of systematic error
are generally applicable to both platforms. All scaling methods
have two things in common: (1) they adjust the means of
compared data sets to be more or less equal (also known as
centring) and/or (2) adjust the spread or variation of data to be
more similar (also known as scaling). Data sets can consist of any
collection of measurements, for example, values associated with
specific microtitre plates or print-tips, values associated with
control spots, and values associated with one or multiple arrays.
1. Subiract log, central tendency

This method adjusts the means of all distributions to zero. It
is one of the simplest forms of scale adjustment and involves
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subtracting either the log, mean or median of a distribution
from each feature’s log, ratio. This results in the mean of all
distributions, adjusted in this way, being equal to zero. This
method can also be applied to the raw ratios; in this case, all
ratios are divided by the measure of central tendency (i.e. mean
or median)." This technique works well, but ignores possible
array-wide changes which might be a reflection of sample condi-
tions or treatment. It is therefore advisable to approach global
scaling methods with caution. As with all normalization
methods, controls can be used to calculate an adjustment factor.
Another objection, concerning this method, involves assump-
Hons regarding the linearity of variation. Bright arrays exhibit
compression of values at high intensities, whereas darker arrays
show compression of values near low intensities. This behaviour
is a consequence of the limit imposed on possible intensities
values for any feature (0 to 2" -1), which lead to a breakdown in
linearity at the extremes of the intensity range.®

2. Subtract log, central tendency and divide by standard
deviation

This form of scaling adds another dimension to that of the
method discussed above. In addition to adjusting the means
of all distributions to zero, the standard deviations of these
distributions are brought to one. The same comments and
considerations discussed above apply to this method.

3. Quantile normalization

Quantile normalization was proposed as a method for the
scaling of replicate arrays, where assumptions based on
whole-genome expression distributions are problematic, but
works equally well on whole-genome arrays. This method forces
the distribution of values in each array in a set of arrays to be the
same. All features are ranked according to their intensity value—
that is, the lowest intensity value is assigned rank 1; the
second-lowest intensity value is assigned rank 2, etc—until
all features within each slide have been ranked. The ranked
distributions are then compared and the mean of each rank
across the arrays is calculated. This calculated mean replaces the
original value and the normalized data are rearranged to have
the original ordering ® This type of approach ensures an equiva-
lent distribution of intensity values between distributions. Wit
and McClure® point out that this methaod is able to deal with the
non-linear compressions that might affect the two scaling
approaches mentoned above, as the ranking approach ensures
a linear distribution of features.

When adjusting the scale of replicate slides with this method, it
is reasonable to assume that the distribution of feature intensities
should be comparable. This assumption, however, is often prob-
lematic, as different slides usually do not have the same number
of captured features. This is commonly a result of technical
thresholds or noise (e.g. detection of low signals or washing
artefacts) and less often biological differences.® A potential
problem is that slides with different numbers of features have a
different number of ranks. Features with missing values across
arrays should therefore be excluded or imputed, prior to
attempting quantile normalization. Several methods for the
imputation' of missing values exist,'" a detailed discussion of
which falls outside the scope of this review. Some implementa-
tions of the quantile algorithm® overcome the problem of
missing values by assuming that missing values are random and
not a result of low signal or technical noise. By implication, this
means that the number of missing values should be proportional
to the number of features on an array. Missing values that result
from non-random effects (commonly due to a low signal) are
therefore still problematic as these invalidate the assumption of
the quantile algorithm (G.K. Smyth, pers. comm.). As previously
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emphasized, stated assumptions are often erroneous and
should be validated before proceeding with any type of normal-
ization. Histograms provide a useful way for visualizing and
comparing the density distributions of diftcrent data sets.

One approach to between-condition or -treatment scaling is
based on the ranking of a set of controls or invariant genes, i.e.
genes that are known not to change between conditions. A
general ranked scale is then generated and the remaining genes
are linearly distributed, known as interpolation, between the
ranks of the invariant genes. This approach can also be used
when there are large differences in the number of data points
within distributions. For this method to be reliable, the smallest
and largest values on each array have to be part of the set of
invariant genes.”

Dual-channel arrays, which are based on a common reference
design, offer an intuitively interesting solution to between-slide
scale adjustments. Sample- or treatment-channels may not show
a comparable distribution of intensity values across the different
experimental conditions. If use is made of a common reference,
however, this by definition should have the same distribution
across all slides, and channel-specific implementations of
quantile adjustments™ can be considered. These methods essen-
tially force the reference channel across all slides to be exactly the
same and extrapolate an adjustment factor for the sample- or
treatment-channel within each array.

4. Cyclic Lo(w)ess

This is an inter-array variant of the previously mentioned
Lo(w)ess-based methods originally developed for cDNA
microarrays. This algorithm can be applied to both single- and
dual-colour arrays to adjust for scale differences between them.
An MA-plot is generated, where M is defined as the log, ratio of
replicate feature values and A as the average of replicate feature
log values.*” Generating an MA-plot in this way allows for a
comparison of features across replicate arrays. As with other
Lo(w)ess methods, a non-linear regression curve is calculated
and the data are fitted accordingly. This processis carried outina
pair-wise manner and iterated until differences between arrays
have been removed. This procedure can be applied to sets of
invariant genes or control spots in cases where the features on
arrays are not expected to be directly comparable.”” The same
Lo(w)ess parameters, previously discussed, are applicable to this
specific implementation of the Lo(w)ess algorithm.

5. Qspline

This is referred to as a baseline method and, similar to Cyclic
Lo(w)ess, is an inter-array variant of its intra-array counterpart.
Estimations and adjustments are dependent on the definition of
a baseline array, also called a reference array. The baseline array
is used as a ranking reference for subsequent adjustments.
Target array features are ranked and compared to the ranked
features of the baseline array. A spline-based smoothing curve
(discussed above) is then calculated to relate the ranks of
features from the target array to those on the baseline array.® The
choice of baseline array is important and can have a profound
effect on results. The baseline array should ideally be representa-
tive of an average behaviour of replicate features across the
different arrays. This essentially means that the feature values
on the baseline array should preferably be more or less equal
to the mean value of those features across all arrays. It is not
necessary that the baseline array contain all features; it can be
constructed using a set of known invariant genes which occur
across all arrays, or other forms of control spots for which expres-
sion values can be expected to be similar. Quantile ranks are then
constructed using these genes, with the resultant smoothing
function being extrapolated to other features of an array.”
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ANOVA-based methods

ANOVA-based methods of normalization have been shown to
be effective in modelling systematic error. These methods do
technically more than just normalize data; they also provide
estimations regarding the significance of condition-specific gene
expression, a feature which falls outside the scope of this discus-
sion. This method is based on a composite linear model, which
contains terms for each aspect of the array and all possible
sources of bias. Interactions between the different aspects of an
array {e.g. genes, dyes, print-tips, spatial position, and time
point) and the specific sources of bias or error are then mathe-
matically defined. Variations between features are assessed in
the context of various null hypotheses and their significance
statistically determined. The null hypotheses usually state that
the observed variation is not significant but a product of system-
atic bias. If these hypotheses are rejected, the observed variation
is presumed to be biologically meaningful. In this way, ANOVA
methods distinguish between interesting and obscuring varia-
tions.” The problem with such an approach is the nan-linear
nature of many artefacts associated with systematic error. An
ANOVA-based model is not able to estimate these non-linear
artefacts, a good example of which is the non-linear intensity-
dependent dye effect described earlier™

Evaluation of normalization methods

A comprehensive study, conducted by Khojasteh et al.,’
showed that a composite stepwise approach to normalization
provides the most reliable means of identifying and removing
the systematic errors. They compared the efficacy of different
combinations of normalization models at detecting single-copy
gene changes between samples, for which the gene copy ratios
were known. In total, 19 different normalization strategies were
assessed across five different data sets, all with different numbers
of arrays. Performance was based on a specific strategy’s ability
to reduce variability (standard deviation) and enhance the accu-
racy of predicting single-copy gene changes between samples.
Normalization strategies consisted of single-step (addressing
only one type of bias), two-step (addressing two sources of bias),
and three-step (addressing three sources of bias) approaches.
The types of biases addressed were: (1) spatial bias, (2) intensity
bias, and (3) global scale bias. All normalization strategics were
performed including and excluding background subtraction.
The results were unanimous, indicating that a three-step strategy,
one that systematically addresses the three most common
sources of variation, without background subtraction, outper-
formed both the two- and one-step approaches. Two-step
strategies, in turn, outperformed the one-step approaches, high-
lighting the importance of identifying and correcting for all
sources of systematic error.

Conclusion

The sources of systematic variation that affect a microarray
experiment are many and accounting accurately for each of
them is not trivial. Although a variety of normalization strategies
have been developed to identify and correct for these systematic
biases, these strategies are based on stringent assumptions
which require careful consideration. The conscientious design of
a microarray experiment, the inclusion of appropriate controls
and the unbiased printing of gene targets are imperative to the
successful normalization of microarray data.

We recommend a stepwise strategy that systemically addresses
the various types of biases identified with the diagnostic and
visualization tools discussed earlier. It should be emphasized
that a thorough diagnostic interpretation of data, prior to
normalization, facilitates the compilation of a normalization
strategy aimed at addressing directly the types of systematic



error present within a specific experiment. The effectiveness of
each normalization strategy should be diagnostically monitored
before proceeding with the next step. Wit and McClure® suggest
that local artefacts should be corrected before progressing to
normalizations that involve several or all arrays. These recom-
mendations are empirically supported by the results of
Khojasteh et al.* In particular, Wit and McClure suggest the
following systematic strategy:

Spatial correction

Background correction

Intensity-dependent dye bias

Within-replicate scaling

Between-condition/-treatment scaling.

Wit and McClure® point out that, although background
subtraction is included in the above list, they advise strongly
against its use. This advice is supported by the study of
Khojasteh et al.’

Many other more complex algorithms exist, a list too long to
include here, but their reliability and performance remain
questionable due to insufficient empirical validation. Many of
these purportedly novel algorithms are derivations of commonly
used ones and essentially address the same types of biases. A
new trend towards non-parametric algorithms-—algorithms
that make no explicit assumption regarding the distributional
nature of the data—can be seen in the literature. Whether these
methods provide a real advantage over current parametric
models depends on results obtained from empirical validations,
where a priori statements regarding expression values can be
made.

N N

Recommended resources
Many commerdial and open source solutions are available to
microarray researchers. Choosing among the various options is
often a matter of personal preference, as most of the available
software packages, aimed at microarray data analysis, contain
a large selection of visualization and diagnostic tools. A good
starting point is one of several microarray portals (some listed
below), which include descriptions of software packages as well
as links to other useful resources.
1. http://www.biodirectory.com/biowiki/Microarray_por-
tals and_resource pages
A site that is used by life-science researchers to find tools
and databases related to all sorts of molecular biological and
bioinformatics-related activity, including experimental
troubleshooting, tutorials, as well as applications and
methods-related information.
2. http//www.microarrays.in/links.html
A great one-stop resource for microarray software, proto-
cols, links, publications and other microarray-related infor-
mation including discussion forums.
3. httpy/cbio.uct.ac.za/arrayportal
A portal containing introductory information on impor-
tant microarray-related topics, including links to useful refer-
ences.
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Notes (refer to superscripts in text)

a) Experimental noise comes in many forms and is often referred to as technical,
or systematic, error, variation or noise. In this paper these terms are all used to refer
to the unwanted, biologically meaningless, variability observed within, or be-
tween, arrays.

b) Technical variation can exist within an array, that is, between features printed
on the same slide, or between arrays, ie. between the features from different slides.

¢) Spots and features are both terms used to refer to the genes present on an ar-
ray. In addition, each spot or feature can be considered a discrete collection of data,
or dala point.

d) It is common for intensity values to be log-scaled. Most often this is done as
log.. Advantages of the log-scaling of data include the linearization and
symmetrization of the distribution of feature intensities. In addition, log,-scaling
makes data more amenable fo subsequent interpretation.®

e) Print-tips refer to the pins used by the spotting robot to spat DNA sample onto
the array. Commonly, each pin is assodated with a discrete group, also called a
block of spots.

f) It is important to consider the way in which expression ratios are represented,
when interpreting MA-plots. In MA-plots ratios are commonly calculated as
Cy5/Cy3, but can equally be done as Cy3/Cy5.

2) Background estimation and subtraction refer to two different procedures. Es-
timation refers to the process of calculating raw background values whereas sub-
traction refers to the method by which estimated values are processed.

h) Traditionally, a spline is defined as a long, narrow, flexible strip of imber. The
definition of a mathematical spline is analogous to its timber counterpart and refers
to a flexible mathematical function able to adapt to data.”

i) Imputation refers to the process by which values for features with missing val-
ues are derived from patterns inherent in existing data.
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